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Abstract

To evaluate the role of niobium (Nb) segregation and dynamic recrystallisation in the
development of non-uniform ferrite microstructures in microalloyed steels, two Nb
microalloyed steels with Mn contents of 1.2 and 0.5wt %, and Non-Nb steel were
selected. Different processing parameters, such as the austenitising/deformation
temperature, inter-pass time, pass strain, and strain sequence, were investigated to
study the behaviour of Nb and its effect on austenite recrystallisation and the ferrite
microstructure homogeneity. High and Low Mn steels were austenitised at two
temperatures (below and above the grain coarsening temperatures and deformed at
three temperatures (below, near, and above the non-recrystallisation temperature
(Tnr). The influence of the Mn content and inter-pass time upon deformation at high
temperature has also been studied.

The addition of 0.06 wt% of Nb increased the Tnr by 75ºC compared to the Non-Nb
steel. Conversely, an increase in Mn led to a lower by 25°C Tnr and by 50°C
austenite to ferrite transformation temperatures. Increase in the austenitising
temperature resulted in a stronger grain boundary pinning effect from Nb solute
atoms and the precipitates, but this pinning effect became weaker when the content
of Mn was reduced. The presence of co-clusters of Nb-C solute atoms and fine
precipitates in sizes < 8 nm suppressed austenite recrystallisation either fully or
partially, near and below Tnr. Above Tnr, an increase in the inter-pass time resulted in
austenite grain growth due to ineffective pinning from Nb solute atoms in the
absence of fine precipitates.

The ferrite inhomogeneity level was decreased by lowering the austenitising
temperature for High and Low Mn steel when they were also deformed at a high
temperature, i.e. above Tnr. Also, more Nb precipitation occurred in ferrite when
deformation occurred at high temperature, where there was either no or limited strain
induced precipitation, than when the deformation was applied below Tnr. An increase
in the inter-pass time had a minor effect on the inhomogeneity of the ferrite grain
structure for High and Low Mn steel when deformed near or below Tnr.
vii

There was a remarkable improvement in the ferrite microstructure homogeneity
when the fine and uniform austenite grain size was achieved after the deformations
above Tnr, which was followed by the deformation in non-recrystallisation region.
This was a result of the thermo-mechanical processing schedule, which involved
lower austenitising temperature and increased cooling rate to prevent grain growth
between the roughing and finishing stages.
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Chapter 1
1 INTRODUCTION
1.1

Overview

Grain refinement is used for strengthening of ferritic steels because a decrease in
grain size generally leads to an improvement in both tensile strength and impact
toughness by decreasing the ductile-to-brittle transition (DBTT) temperature [1].
Typically, this is achieved by thermo-mechanical processing (TMP). The final ferrite
grain size is largely governed by the prior austenite grain size, which in turn is the
result of competition between the driving forces for recrystallisation and grain
growth. Nb is the most effective micro-alloying element for grain refinement as it
affects both the recrystallisation kinetics and austenite to ferrite transformation [2, 3].
The effect of Nb is dependent on whether it is present as a solute, in clusters or in the
form of discrete second phase carbonitride precipitates [2, 3]. Furthermore, the
dispersion of these solutes, clusters and precipitates is crucial.

An inhomogeneous distribution of Nb leads to non-uniform grain boundary pinning
and the subsequent development of a mixed grain structure consisting of areas with
large and small grains [4, 5]. This mixed microstructure typically leads to poor
impact toughness [6, 7], as well as a large scatter in properties, which is detrimental
for most applications, particularly in gas transportation.

Much research has been undertaken to investigate the effect of precipitates such as
Nb(C,N) or NbC [2, 3, 8, 9], but less has been reported on the optimum dispersion of
precipitates to control recrystallisation, and no experimental evidence is available on
the effects of Nb-rich clusters on recrystallisation. Also little is known about the
effects of Nb segregation on the homogeneity of the ferrite microstructure [10, 11].
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1.1.1

Thesis objectives

The primary objective of this work was to gain in-depth understanding of the reasons
for the mixed ferrite grain structure and improve the microstructural homogeneity of
Ti-Nb-microalloyed steels. The particular objectives for this study were as follows:


To gain insight into effects of different thermo-mechanical processing
parameters on the homogeneity of the austenite and ferrite microstructures.



To investigate the relationships between Nb state as a precipitate and/or
cluster and recrystallisation behavior in studied steels.



To study the influence of different Mn content on Nb precipitation.

By using thermo-mechanical simulator (Gleeble 3500), different processing
parameters such as austenitising /deformation temperatures, inter-pass time, strain
rate, pass strain and strain sequence were studied in respect to their effect on
microstructure homogeneity in both austenite and ferrite. Selected cases were
investigated in more details using Field Emission Gun Scanning Electron
Microscope (FEGSEM) and Atom Probe Tomography (APT) to elucidate the effects
of Nb as a solute and a precipitate on recrystallisation, and the interaction between
Mn and Nb.

1.1.2

Thesis outline

This thesis is structured as follows:
Chapter 2 reviews the available literature, starting with definition and outline of the
different processing parameters during steel rolling and explaining the effects of the
main alloying elements used in pipeline steel. The influence of important hardening
and softening mechanisms on the microstructural evolution during rolling are
highlighted and the different aspects of Nb precipitation are discussed.

Chapter 3 presents the test methods and the composition of the steels used in this
study. It outlines the different TMP schedules and details the techniques for sample
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preparation and characterisation of samples. It also explains how the advanced
microstructural characterisation techniques, such SEM and APT were employed.

Chapter4 includes a study of the austenite grain coarsening behaviour, as well as
determination of the non-recrystallisation and austenite to ferrite transformation
temperatures of all three steels. It also investigates the effects of Mn content and
processing parameters such as austenitising / deformation temperature, and inter-pass
time and strain on the austenite microstructure, and Nb precipitation and clustering.

Chapter 5 addresses the influence of different deformation temperatures and strain
rates for the High Mn steel. For the first time the prior austenite microstructure was
reconstructed from the as-quenched martensite electron back-scattering diffraction
maps using APRGE software. Also, from the flow curve analysis, a DRX map was
derived for this steel.

In Chapter 6 the ferrite microstructure inhomogeneity of the three steels was assessed
for a variety of TMP schedules with varying austenitising and deformation
temperatures, strain sequences, inter-pass time values and cooling rates. Then the
inhomogeneous ferrite grain structure was correlated to the TMP parameters and NbTi-rich particle/cluster size distributions, morphology and chemistry, which were
obtained from FEGSEM/EDX and APT observations.

In Chapter 7, four TMP schedules were proposed to improve the microstructural
homogeneity, based on the results from chapters 4 and 6.

Chapter8 summarises the main results as well as suggests the areas for future
research.
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Chapter 2
2 LITERATURE REVIEW
2.1

Introduction

In the hot rolling of steel containing Nb a mixed austenite grain size is known to be a
common feature, and as a consequence, mixed ferrite microstructures are obtained
which adversely affects its toughness. The behaviour of Nb in steel as a solute or
precipitate is significantly influenced by the chemical composition and different
processing parameters such as temperature, strain values, deformation sequence
(number of passes), and cooling conditions, all of which will be explained in this
chapter in detail.

2.2

Hot Rolling Processing Parameters

Thermo-mechanical Processing (TMP) is the most important industrial process used
to produce steel plates and sheets. This process consists of slabs reheating and
successively reducing their thickness in a roughing mill (in both the recrystallisation
region and non-recrystallisation regions), and accelerated water cooling on the run
out table. Through these steps, which are shown in Fig. 2.1, and with optimisation of
different parameters, an attractive combination and range of yield strengths and
impact properties can be developed. Controlling the various steps of TMP in modern
hot strip mills results in a higher degree of consistency in the mechanical properties
and microstructure.
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Fig. 2.1 Sketch showing the thermo-mechanical processing in hot strip and plate
mills and the effects of parameters on microstructure and properties of a steel [12].

2.2.1

Effect of reheating

The main objective of reheating is to form uniformly heated slabs with a correct and
uniform starting austenite grain size, and to ensure complete dissolution of different
precipitates. The reheating process is carried out by heating the slabs in either a
walking beam furnace or pusher–type furnace. For low carbon steel, the reheating
stage is accompanied by different changes in the microstructure, as shown in Fig.
2.2. These changes include [13, 14]:
1)
2)
3)
4)
5)

Increase in the free carbon
Dissolution of cementite
Transformation of ferrite to austenite
Austenite grain growth /coarsening
Dissolution of precipitates
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Fig. 2.2 Schematic diagram showing the effect of the reheating temperature on
microstructure [13].

The reheating temperature has to be selected based on the existing micro-alloying
elements in the steel composition. This is because the dissolution of different
precipitates (especially AlN, VC, VN, Nb (CN) and TiN) is time and temperature
dependant. It has been reported that a complete solution of VC occurs approximately
at the standard normalising temperature of 920C, while VN requires a higher
temperature [1]. A reheating temperature range of 1150-1250C is required for
complete dissolution of Nb (CN) and TiC [1, 13] while TiN is the most stable
compound, and it requires a higher reheating temperature to be dissolved in the
solution. The presence of undissolved nitrides such as TiN in the steel matrix is
effective in inhibiting austenite grain coarsening by pinning the austenite grain
boundaries [15]. The dissolution of precipitates is important for the subsequent
rolling process due to their re-precipitation and their subsequent controlling effect on
the recrystallisation and precipitation strengthening processes. For each microalloying element there is a temperature called the grain coarsening temperature
(TGC), below which the grains are fine and uniform and above which abnormal grain
coarsening occurs due to the loss of the pinning force effect which constrains the
grains from growing [13].
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2.2.2

Effect of rolling

Controlled rolling is an effective process which improves the strength and toughness
of pipeline steel by refining the ferrite grains. Because the size of ferrite grains
depends on the initial austenite grain size, refining of the ferrite microstructure is
largely affected by the grain refinement of the austenite microstructure. The rolling
process mainly consists of rough (initial) rolling and finishes (final) rolling, as shown
in Fig. 2.3, where rough rolling involves a heavy reduction in the austenite
recrystallisation temperature range which results in fine austenite grains. Sometime
delay can be applied to ensure that the required recrystallisation is taking place
before applying the final reduction in the non-recrystallisation range above the
austenite to ferrite transformation temperature (Ar3) to obtain a deformed and nonrecrystallised (elongated) austenite microstructure [16].

Fig. 2.3 Schematic representation of various processes that take place during the
controlled rolling of CMn-Nb steels [16].

2.2.2.1 Rough rolling

The objective of rough rolling is to achieve the finest possible austenite grains before
Tnr is reached. The Tnr temperature is an important parameter in hot rolling because
above it the austenite grains are subjected to recrystallisation. A method was
developed to determine Tnr by multiple pass simulation with the same strain and
7

strain rate per each pass. It can be calculated from a variation of the mean flow stress
(MFS) for each pass by doing a numerical integration with an absolute inverse pass
temperature. Tnr and its dependency on strain were determined by Medina et al. [17]
for three different steels alloyed with Nb, V, and Ti. In general, the Tnr for the
selected steels were decreased when the strain was increased.

Basically, when the austenite is deformed its dislocation density is increased which
makes the material thermodynamically unstable. Therefore, the material will strive to
return to a state of equilibrium, if possible, by lowering its free energy. This decrease
in the free energy of deformed material can be performed by decreasing the
dislocations density through a set of restoration processes, including dynamic
recovery, static recovery, dynamic recrystallisation and static recrystallisation, as
shown schematically in Fig. 2.4.

Fig. 2.4 Schematic of the austenite grain refining processes [13].

It has been reported [16] that the recrystallised grain size decreases rapidly when the
reduction per pass increases and/or there is a decrease in the deformation
temperature. The smallest recrystallised austenite grain size can be achieved by
applying deformation above the critical strain required for the initiation of dynamic
recrystallisation (c) during hot rolling. The amount of this deformation (i.e. strain) is
the main factor determining the austenite grain size. For instance, Bakkaloǵu [18]
reported that the ferrite grain size decreased as the rolling reduction increased in the
austenite recrystallisation range, while Schambron et al.[19] found that a 25%
8

decrease in the grain size can be obtained by increasing the pass strain from 25 to
45%. For these reasons the grain size is an important feature of the austenite
microstructure affecting the final ferrite grain size.

As long as recrystallisation is complete, repeated grain refinement can be achieved
during hot rolling and inter-pass time due to the relationship between recrystallised
and initial grain sizes (Eq. 2.1) [20] :
(

|

)

For drex<d0

where d0 is the initial grain size, ε is the applied strain,

(2.1)

is the gas constant, Qgx is

the activation energy and A and p are material dependant parameters.

The second important parameter affecting the final ferrite grain size is the rolling
temperature. As mentioned earlier, in order to obtain a fully recrystallised austenite
microstructure deformation must be performed at a temperature above the Tnr. This
temperature is a steel composition dependent and can be determined by the following
empirical equation(Eq. 2.2) [13]:
( )

(

√

)

(

√ )
(2.2)

where the elements are in wt%.
If the deformation temperature lies above the Tnr it will produce an equiaxed
austenite structure by recrystallisation, but below Tnr the recrystallisation process is
sluggish [13].

It has also been reported that the amount of deformation and inter-pass time between
deformation passes have some influence on the Tnr such that the more deformation
applied the higher the dislocation density in the microstructure as a result of an
increased stored energy which also increases the driving force for recrystallisation.
On the other hand, more precipitation can take place over a longer inter-pass time
which hinders recrystallisation [19].
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2.2.2.2

Finish rolling

Finish rolling parameters such as the deformation temperature and amount of
reduction have a great influence on the recrystallised austenite grain size, as
illustrated in Fig. 2.5. When the deformation temperature decreases, recrystallisation
becomes sluggish and a partially recrystallised microstructure occurs. This
microstructure is not desirable for industrial applications because it leads to the
formation of a mixed structure with poor toughness. Fig. 2.5 also shows that when
the deformation temperature decreased further, below Tnr, recrystallisation stopped
and the austenite grains are elongated (pancaked) [21].

In microalloyedsteels these pancaked grains contain deformation bands and twin
boundaries which serve as additional nucleation sites for ferrite grains upon
transformation. The ferrite grain size correlates with the effective interfacial area
(Sv). In this case Sv comprises two terms Sv=Svgb+Svdb+tw, where Svgb is the grain
boundary area per unit volume and Svdb+tw is the surface area of deformation bands
and twins. Hence, upon transformation from pancaked austenite the ferrite grains will
be finer compared to the transformation from recrystallised austenite, due to the
nucleation of ferrite not only at the austenite grain boundaries, but also at the
deformation bands and twins [13, 21].

Fig. 2.5 A schematic illustration of austenite microstructure resulting from the
various deformation conditions [21].
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Recently, the effect of the finishing temperature on ferrite microstructure of a X70
steel was studied by Yang et al. [21] who found that the samples deformed at a lower
temperature of 850C, compared to those deformed at 950C, had a finer and more
uniform microstructure that included acicular ferrite and polygonal ferrite. These
results were achieved by conducting multi-pass isothermal deformations.

Patel and Wilshire [22] reported an improvement in the mechanical properties of a
commercial 0.042%Nb and 1.1%Mn HSLA strip steel when the finish rolling
temperature (FRT) was lowered just above the Ar3 and the coiling temperature was
reduced to 600C. This was achieved by an increase in the density of acicular ferrite
[22].

2.2.3

Effect of processes after rolling

This stage has been considered by Tanaka [16] as an additional stage to compensate
for the disadvantages of controlled rolling such as a mixed grain structure. In reality,
controlled rolling increases the density of ferrite nucleation sites and accelerates
cooling (as a post rolling parameter), and also enhances the rate of ferrite nucleation
[16, 18]. In a hot strip mill, after finish rolling, the coil is subjected to water cooling
(accelerated cooling) in the run out table, followed by coiling. Controlled rolling in a
hot strip mill consists of fast cooling on the run out table followed by slow cooling
after coiling, which is different from that in the plate mill [16].

2.2.3.1 Run out table cooling

As stated earlier, the lower the transformation temperature the greater the
strengthening effect due to the finer grain size. It was reported [19] that by increasing
the cooling rate the numbers of nuclei increased and a finer ferrite grain size was
obtained by accelerating the kinetics of transformation. The kinetics of
transformation was enhanced by two different mechanisms: 1) the Ar3 was lowered
due to an increase in the degree of under cooling, and 2) the possibility for intragranular nucleation of ferrite increased when the transformation temperature was
lowered. By decreasing the finish rolling temperature, the number of nuclei is
11

maximised and the chance of ferrite grain growth in the coiler is minimised, which
assists in refining the ferrite grain [19].

Both the cooling rate and finish cooling temperature control the precipitation of
carbonitrides during accelerated cooling, and also influence the precipitation
strengthening and grain refinement of the microstructure. For example, they affect
the existence of V carbide at a temperature above 500C, which has the highest
nucleation rate and effective contribution to precipitation strengthening [23].
Zhao et al. [23] examined the effect of different cooling rates (0.2, 1, and 10 Cs-1)
on the microstructure of low carbon microalloyed X70 pipeline steel and found that
after slow cooling rates of 0.2 and 1Cs-1 coarse grains, which are mainly composed
of polygonal ferrite and small amounts of acicular ferrite, pearlite, and bainite, were
produced. On the other hand, finer grains with large amounts of acicular ferrite were
observed when the material was subjected to a cooling rate of 10 Cs-1 [24].

2.2.3.2

Coiling temperature

During coiling no phase transformation takes place, but the temperature is important
for precipitation strengthening of pipeline steel. The coiling temperature affects the
ferrite morphology and grain size, the inter-lamellar spacing of pearlite, the
morphology of grain boundary cementite, and precipitates morphology [13].

According to Panigrahi [13], the coiling temperature for low carbon steel could lie in
two ranges: low and high coiling temperature ranges. The low coiling temperature
range is from 650-550C. After leaving the finishing stage with pancaked austenite
grain morphology, rolled steel enters the cooling stage in the run out table. It will
then enter the coiler with a low temperature range which allows more ferrite to
nucleate onto the austenite grain boundaries as well as on defects within the austenite
grains. Upon cooling, an equiaxed fine ferrite grain size will be achieved with fine
grain boundary cementite. The other coiling temperature range is well above the Ar1
which is demanded for some grades requiring cold rolling and batch annealing.
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Patel and Wilshire [22] studied the effect of different coiling temperatures in the
range of 500-650C for a commercial 0.042% Nb-1.1% Mn HSLA strip. They
reported that coiling at 600C resulted in optimum mechanical properties when the
finish rolling temperature (FRT) was just above Ar3. On the other hand, coiling at
650C resulted in a drop in strength in the body of the coil because of precipitate
coarsening.

2.3

Effect of Alloying Elements

Optimising the strength and toughness are the key quality aims in the production of
pipeline steels. By controlling the processing parameters and micro-alloying element
additions these properties can be achieved. Alloying elements increase strength via
or by means of precipitation hardening, phase balance and grain refinement. For
instance, Fig. 2.6 shows the significant effect of grain size refinement on the
mechanical properties of steel.

Fig. 2.6 Effect of grain size of ferrite on yield stress and impact transition
temperature [14, 25].

Some of the most effective alloying elements which are usually added to steel
composition are discussed below.
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2.3.1

Manganese

Manganese (Mn) is one of the essential alloying elements in the pipeline steel
because it contributes effectively to an increase in strength through solid solution
strengthening. Also, Mn is considered to be one of the austenite stabilisers, which
lowers the austenite to the ferrite transformation temperature. Thus, more
deformation will be allowed in a lower temperature region, which leads to strain
accumulation and grain size refinement.

Reduction in Mn content helps in reducing the production cost by avoiding
desulphurization, a process which is performed to avoid or decrease the centerline
segregation of MnS during solidification of continuously cast slabs. On other hand, it
has an influence on Nb solubility and precipitation [19].

2.3.2

Titanium

During solidification, titanium binds with free nitrogen to form TiN, which is very
stable at high temperatures. Hence, the addition of Ti is very effective in inhibiting
austenite grain growth at high temperature compared to other alloying elements, as
shown in Fig. 2.7 [26, 27]. However, the addition of Ti to the steel needs to be
controlled to avoid forming coarse TiN particles during melting, and solidification
and soaking before rolling, which is detrimental to the steel toughness. It has been
reported that the ratio of Ti/N is very important for the growth of TiN particles. A
Ti/N ratio which is higher than the stoichiometric value of TiN (3.42) will lead to a
faster coarsening of TiN particles. This may be responsible for poor low temperature
toughness and high ductile to brittle transition temperature (DBTT) of such steels. In
steels with a lower Ti/N ratio than the stoichiometric value, fine precipitates will be
formed, which are effective in inhibiting austenite grain growth [28, 29].
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Fig. 2.7 Effect of reheating temperature on austenite grain size [1, 13].
.
2.3.3

Molybdenum

Adding molybdenum to the Nb-containing steels improves the transformation
hardening (increases volume fraction of acicular ferrite and martensite/austenite
constituents (M/A)), grain refinement and precipitation hardening. It has been known
that the addition of Mo to steel shifts the ferrite transformation start line to the right
along the time axis without affecting the bainite transformation start line. Hence,
austenite will transform upon cooling to bainite with few or no polygonal ferrite
grains formation. Therefore, by adding Mo the formations of polygonal ferrite and
pearlite are suppressed and the formation of acicular ferrite is promoted. For a low
carbon steel containing Mo, the stress strain curve of as-rolled plate shows a
continuous yielding without an upper yield point, which leads to a better control of
the detrimental Bauschinger effect during pipe forming. This contributes to an
increase in the yield strength during pipe forming. It has been reported that when the
content of Mo in steel is low, the impact transition temperature (ITT) of traditional
pipeline steel grades increases by 10 to 20°C after pipe forming. On the other hand, a
lower ITT was observed in Mo containing steels [30, 31].

The addition of Mo to the Nb-containing steel is an effective way to increase the
strength of the steel due to an increase in the solid solubility of Nb and the solubility
of Nb(C, N) precipitates in austenite in the presence of Mo. Thus, fine Nb(C, N) will
precipitate in ferrite at low temperature contributing to efficient precipitation
15

strengthening. It was reported that finer ferrite grains were generated when 0.01wt%
Mo is added to the steel, compared to the Mo-free steel, because Mo could limit the
formation of ferrite, extend the ferrite nucleation period and reduce the ferrite grain
growth [32].

2.3.4

Vanadium

The purpose of adding Vanadium (V) to pipeline steel is to contribute to precipitation
hardening, refine the ferrite grain size and inhibit the growth of austenite grains due
to the formation of V carbonitride which has high solubility in austenite compared to
other alloying elements, and results in a lower solution treatment temperature and a
high possibility of dissolving most of the V(CN) at high temperature. As the
solubility of V in austenite is high, there is a weak influence of V on Tnr, whereas
since the solubility of VC is much higher than VN, as shown in Fig. 2.8, nitrogen
together with V contributes effectively to the strengthening process, and there is
enough N available for VN to precipitate because N has a much higher solubility in
ferrite than carbon [33, 34].

Zajac [34] reported that V contributes to the refinement of ferrite grains in the Vmicroalloyed steel through the formation of two types of intra-granularly nucleated
ferrite; intra-granular polygonal ferrite grows in austenite during isothermal holding
or slow cooling in the austenite temperature range, and acicular ferrite, which forms
at lower temperatures during isothermal transformation, both nucleate onto the VN
particles [34, 35].
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Fig. 2.8 Dissolution kinetics of precipitates [13].

2.3.5

Niobium

The addition of niobium (Nb) to pipeline steel is crucial due to its possibility to
improve strength and toughness through the formation of dispersed Nb(C, N)
precipitates. During reheating these precipitates help to suppress austenite grain
growth by pinning the grain boundaries and constraining its mobility. In the rolling
process the addition of Nb helps retard recrystallisation by the solute drag and
pinning effect by fine precipitates such as NbC or Nb(C, N). Consequently, strain
can accumulate and the microstructure can be refined after phase transformation. Fig.
2.9 shows that Nb has the largest driving force for precipitation at a given
temperature, which results in an increase in the recrystallisation temperature.
Moreover, coarse NbC particles can be preferred sites for ferrite nucleation because
they lead to enhanced transformation [36, 37].
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Fig. 2.9 Effect of microalloying elements on the recrystallisation stop temperature
[1, 13].

On the other hand, bimodal grain structure has been reported to be a common feature
of Nb microalloyed steels, particularly in thicker hot strips and plates which
adversely affects the toughness upon ferrite transformation. Kudu and co-workers
[38] reported that microsegregation of Nb during solidification is one of the reasons
for the formation of a bimodal grain structure where Nb segregates in the interdendritic regions, along with carbon and nitrogen. Consequently, the inter-dendritic
region is enriched with precipitates which help to pin the grain boundaries and
constrain the growth of grains during heating. However, all the precipitates will
dissolve when heated to a temperature about 1250C and result in coarse austenite
grains [4, 39].

2.3.6

Carbon

Carbon is an essential element in steel because of its significant effect on the
properties of steel [14, 40-42]. It is considered to be one of the stabilising elements of
austenite which increases the temperature range of austenite formation in steel. The
carbon content in Nb- microalloyed steels is kept low for the following purposes:
1) Enhancing the weldability of steel by reducing the carbon equivalent (CE).
2) Increasing the strength of steel through the dissolution of Nb in solution and the
formation of NbC precipitates.
3) Improving the toughness of steel.
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2.3.7

Silicon

Silicon is one of the alloying elements which expand the ferrite field which means it
increases the transformation temperature of austenite to ferrite (Ar3) and the ferrite to
pearlite transformation temperature (Ar1). Moreover, the co-existence of Si and Mn
in steel improves its hardenability, strength, and impact toughness [14, 41].

2.4

Hot Deformation Behaviour of Steels

Hot rolling of steel consists of many successive processes of deformation as well as
periods of inter-pass between each process. During these processes the steel is
subjected to different variables such as strain, time, strain rate, and temperature. It is
also associated with work hardening and different softening (restoration) processes
which have crucial effects on the microstructural evolution. Understanding these
processes and using them to improve the properties of steel products is a key to the
successful design of a TMP sequence in industry. The major softening processes are
dynamic recovery and austenite recrystallisation, which involves static (SRX),
metadynamic (MDRX), and dynamic (DRX) recrystallisation. SRX is when
recrystallisation occurs after deformation, whereas DRX is when recrystallisation
occurs during deformation. Sometimes recrystallisation commences during
deformation but might not be completed during this period and therefore
recrystallisation is only completed after deformation through the growth of
dynamically nucleated grains, a process called metadynamic (post dynamic)
recrystallisation. Each of these can influence the microstructural evolution under
different processing conditions [43, 44].

2.4.1

Work hardening

Work hardening, or strain hardening, is defined as the process where the strength is
increased during plastic deformation. As the material is being deformed, pre-existing
dislocations and newly formed dislocations glide on their slip systems, but because
deformation is continuous the flow stress increases due to a difficulty in the
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dislocation motion. However, at high temperatures the dislocations could also climb
which leads to an annihilation of dislocations and a reduction in the rate of work
hardening.
The rate of work hardening can be calculated as θ = dσ/dε fro

the stress-strain

curve. The stress strain curve is divided into 3 regions: 1) a low linear hardening
range which corresponds to the activation of a single slip system (Stage 1); 2) a
linear hardening region defined by activation of the multiple slip system (Stage 2);
and 3) a region where the rate of work hardening is decreasing due to an
accumulation and rearrangement of dislocations (Stage 3) [45]. However, Stage 1 is
only typical for a single crystal and is generally absent in polycrystalline materials.

2.4.2

Dynamic recovery

Generally, heat is generated during rolling with small part of it kept as stored energy
in the rolled material [43]. This stored energy is caused by the existing dislocations
tangling newly generated, by the formations of kinks and jogs due to intersections of
the dislocations gliding on different slip planes, and also increases in the density of
accumulated dislocations. The stored energy is higher in a finer microstructure
because it has a high number of grain boundaries, which serve as barriers to
dislocation glide. The stored energy in the material is a driving force for subsequent
recovery and recrystallisation.

Material recovery occurs as a result of changes in the dislocation substructure, a
process that occurs before recrystallisation and one that is characterised by the
rearrangement of dislocations into configurations of lower energy. Basically,
recovery is a sequence of the following events: the formation of cell walls, the
annihilation of dislocations within cells, the formation of low-angle boundary
subgrains and subgrain growth [43], as seen in Fig. 2.10. During subsequent
recrystallisation these subgrains function as the nuclei for recrystallisation.

The hot deformation process is characterised by the simultaneous dislocation
accumulated due to deformation, annihilation, and rearrangement of dislocations due
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to dynamic recovery. The dislocation accumulation produces enough energy to be
utilised for subsequent recovery and recrystallisation.

This recovery can be recognised from the flow curve if it is the only restoration
mechanism that occurred in the material. The stress-strain curve reached a plateau
and then held a steady state flow stress, which is the point of dynamic equilibrium
between the rate of recovery and work hardening.

Fig. 2.10 Stages of recovery [43].

2.4.3

Static recrystallisation

Static recrystallisation (SRX) is the main softening process in the high temperature
range (austenite phase) when material is subjected to multi-pass deformation before
reaching the critical strain in each pass which is required to initiate DRX.

The SRX kinetics and the parameters affecting it are described by the Johnson–
Mehl-Avrami-Kolmogorov known as the Avrami equation (Eq. 2.4):
[

(

) ]

(2.4)

where Xa is the recrystallised fraction, n is the Avrami exponent, t is the time and t 0.5
is the time corresponding to 50% of the recrystallised volume. The temperature (T),
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strain (ε), strain rate (  ), grain size (D) and the chemical composition are the factors
which have influence on t0.5 according to the following Eq. 2.5:
( )



(2.5)

where p, q, s, A and R are constants and Q is the activation energy for static
recrystallisation. For most microalloyed steels it was reported that the values of Q in
the high temperature range were between 240 and 450 KJ/mol depending on their
chemical composition [17, 44, 46-49].

The stress relaxation method, a single deformation test at a given condition, is a
method being proposed to study SRX kinetics and which seems to be a reliable and
efficient experimental method. Based on the stress relaxation curves and the fraction
recrystallised, X can be determined at a given time according to the following Eq. 2.6
[50] :
[(

)

] [(

)

(

)

]

(2.6)

where σ1, σ2, α1 and α2 are constants related to the stress relaxation curves and σ is the
stress level.
Some factors which help SRX to occur and accelerate its kinetics have been reported,
while at the same time they lower the Tnr. These factors are small austenite grain
size, high strain, high strain rate, and a long inter-pass time. On the other hand, a low
deformation temperature, an increase in the concentration of alloy, particularly
niobium, carbon, and micro-alloying elements, retard the SRX [17].

By using a cellular automata model, Kugler and Turk [51] studied the effect of the
initial microstructure on the kinetics of static recrystallisation. They concluded that
the kinetics of recrystallisation was accelerated by increasing the deformation, which
also increased the Avrami exponent and influenced the final mean grain size.

Abad et al.[52] classified the applied strain into two ranges for low carbon Nb
microalloyed steels. For a low strain (ε=0.1), where precipitation does not control the
austenite recrystallisation, solute drag is the main phenomena occurring during the
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inter-pass interval. Alternatively, when the strain has increased (ε>0. ) precipitation
is the main controlling mechanism in retarding recrystallisation.

Cho et al. [44] investigated the effect of inter-pass time in 0.045% Nb microalloyed
steel at 1000C with the same strain rate of 0.5 s-1 by conducting interrupted torsion
tests. During the short inter-pass time a little softening took place, but at longer times
more softening occurred due to the occurrence of SRX or MDRX (Fig. 2.11).
Increasing the inter-pass time meant that the Tnr was decreased, as Radovic et al. [47]
observed.
Moreover, increasing the strain rate from 0.05 to 5s-1 resulted in an acceleration of
the softening kinetics by almost an order of magnitude. Xiao et al. [53] also reported
similar results on the effect of the inter-pass time for commercial X60 steel. It was
also noted that the time to reach 50% of the softened fraction was delayed when
deformation took place at temperatures below 950C, due to an increase in the
amount of fine Nb(C, N) precipitates.

Fig. 2.11 Flow stress curves at 1000˚C and 0.5 s-1 for different inter-pass time
ranging from 0.5 to 500s [44].

Moreover, SRX has been retarded by the addition of microalloying elements through
two mechanisms: the solute drag effect owing to solute atoms and the pinning effect
due to precipitate [54]. Nb is the stronger microalloying element in retarding
recrystallisation compared to the other elements as shown in Fig. 2.12.
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Fig. 2.12 The retarding effect on softening of Nb solute compared to other microallying elements [54].

The effect of Ti as a solute drag was weak due to its low solubility in the austenite.
The effect of Ti in a precipitate form has been correlated to the Ti/N value and its
deviation from stoichiometric value. This is because the Ti nitride is more stable than
the Ti carbide. If Ti/N is higher than the stoichiometeric value, the TiN has very little
effect on SRX kinetics compared to C-Mn steels, but with small strains, Ti can delay
recrystallisation slightly, as reported by Roberts et al. [55]. However, with a Ti/N
ratio lower than its stoichiometeric value, Ti carbide precipitates have a strong effect
on retarding recrystallisation as precipitation of carbide

during cooling in the

austenite range can add to the effect of TiN [54].

So far, some research has been done on the effect of carbon on the hot deformation
for microalloyed steel compared to plain carbon steels. According to Beladi et al.
[40], at a deformation temperature below Tnr, the t50 was retarded by an increase in
the carbon content due to the formation of Nb(C,N) precipitates, where alternatively,
an increase in the carbon content has a little effect on softening behaviour above Tnr.
Qiao et al. [42] studied the combined effect of Nb and C on the hot deformation
behaviour of high Nb X80 pipeline steel and found that the hot deformation
activation energy increased linearly with increasing w(Nb)/w(C). In other words, the
recrystallisation activation energy decreased from 481 to 434 kJ/mol when
w(Nb)/w(C) decreased from 3.61 to 2.18. They also observed that a dynamic
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precipitation of NbC had a minor effect on the flow stress but had a great influence
on DRX. Herman et al. [56] also reported that precipitation can delay both dynamic
and static recrystallisation, while according to Cho et al. [44], precipitation cannot
prevent DRX but can influence the flow stress.

The addition of Si to Nb steel raises the Tnr, but only for long inter-pass times (an
inter-pass time more than 20s and less than 200s). The advantage of adding Si to
steel is that precipitation retards the recrystallisation at higher temperatures
compared to those in steels which only contain Nb. This effect is reduced in the case
of the application of high strain due to an acceleration of Nb(C,N) precipitation [57].

If the solute drag effect is the mechanism which retards the recrystallisation kinetics,
then it is important to consider the concentration of microalloying elements which
are dissolved in an austenite matrix, while it is also important to consider the carbon
and nitrogen level in the solution if the controlling mechanism is carbonitride
precipitation. Speer and Hansen [58] found that the solute drag effect on austenite
recrystallisation was small compared to the effect of carbonitride precipitation.
Vervynckt [59] also agreed with this finding by reporting a 73C increase in Tnr
when 0.17 wt% Nb was added to the reference alloy, while only a 43C increase in
Tnr was achieved with the same amount of Nb but with a reduced carbon content.

2.4.4

Dynamic recrystallisation

The hot deformation of steel at high temperature is associated with dynamic
recrystallisation phenomena, which is characterised by nucleation of low dislocation
density grains followed by growth of these nuclei resulting in a homogenous grain
size when equilibrium is reached. From the flow stress curves (shown in Fig. 2.13),
the occurrence of DRX is recognised by the existence of peaks before a steady state
condition is reached. Fig. 2.13 shows the typical DRX curve when a material is
deformed at high temperature. The stress rises to the pea point (σp and εp) mainly
due to work hardening, and then falls to a steady state, but before that, new grains
that are free from strain begin to nucleate after reaching a critical strain (εc). After the
peak point, DRX is the dominant process which results in a drop in stress followed
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by a steady state where there is a balance between the rates of softening and
hardening [48, 60, 61].

Fig. 2.13 Flow curve (schematic ) for material exhibiting dynamic recrystallisation
[60].

In industrial processes, determination of the critical condition for initiation of DRX is
beneficial for the modelling used in hot rolling mills. Two methods were proposed to
determine this critical condition; the first is that the onset of DRX can be detected by
an inflection point on the strain hardening rate-stress (θ-σ) curve [62-64] and the
second, was proposed by Najafizadeh and Jonas [65] after modifying the Poliak and
Jonas method. The strain hardening rate () is plotted against the flow stress and the
third order equation that best fit the experi ental θ-σ data fro
stress is derived.

the yield to the peak

hen the value of εc can be obtained numerically from the same

coefficient of the third order equation. Jafari et al. [62] concluded that Najafizadeh
and Jonas method is simple and easy to apply.
Another important parameter of the stress-strain curve is related to the pea strain εp,
which corresponds to the pea stress σp on the flow curve. This peak strain is linked
to the critical strain by the following relationship (Eq. 2.7):
εc=A p,

(2.7)

where A is a coefficient with a value ranging from 0.65 to 0.85 for different
materials.
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This strain is function of strain rate (  ) and temperature, T (K), which are
represented by the Zener–Hollomon parameter (Eq. 2.8):
Z=  exp(Qdef\RT),

(2.8)

Where Q is the deformation activation energy and R is the gas constant (=

8.314 JK 1mol 1 )
These parameters are related to the peak strain through the following equation Eq.
2.9:
εp=A D0mZp

(2.9)

where D0 is prior austenite grain size, and m and p are constants [27].
In general, the occurrence of DRX in steel is noticed by a single peak or multiple
peaks on the flow curve of the deformed material. The observation of multiple peak
behaviour has been reported in limited deformation conditions, such as a very low
strain rate and high temperature and/or initial microstructure with small grain size. In
order to characterise the transition from a single to multiple peak flow curve,
different models were reported. The first criteria proposed by Luton and Sellars [66],
was that the transition from multiple to single peak behaviour is associated with the
ratio of the peak strain, p, to the recrystallisation strain x. So in this model the flow
curve will show multiple peaks if the peak strain is larger than the recrystallisation
strain (i.e p> x). In the second model, proposed by Sakai and co-workers [67], it
was assumed that each type of flow curve has a different mechanism of
recrystallisation, so the single peak flow curve corresponds to grain refinement, and
usually the initial grain size (d0) is twice the size of the steady state DRX grain size
(dss). In contrast, a multiple peak flow curve is associated with a nucleation control
and grain coarsening, and d0 < 2dss [68].
Peak stress depends on the temperature and the strain rate, so increasing the strain
rate and/or decreasing the deformation temperature means that less clear peak will be
observed on the flow curve [44, 69-71]. For instance Cho et al. [44] reported these
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observations by studying the effect of the strain rate and deformation temperature on
0.045%Nb-microalloyed steel, as shown in Fig. 2.14 [44].

Fig. 2.14 Stress-strain curve for Nb microalloyed steel: a) effect of different strain
rates at 950˚C, b) effect of different te peratures at a constant strain rate of 1s-1 [44].

The critical strain needed to initiate DRX is a function of the initial grain size that
occurs after roughing. Hence, the coarser the austenite grain size before the start of
finishing deformation the higher critical strain is required to initiate DRX. According
to Guo-hui and Subramanian [72], who studied a 0.097 Nb steel under a high
temperature process (HTP), the critical strain for DRX can be estimated from the
following equation (Eq. 2.10):
(

)

(2.10)

where ε is the critical strain and d0 is the initial grain size.
Frenandez et al. [27] studied the effect of initial austenite grain size, deformation
conditions (temperature and strain rate), and the amount of microalloying elements
on DRX kinetics of Nb and Nb-Ti microalloyed steels and found that DRX is
promoted by decreasing the initial austenite grain size and the values of the ZenerHollomon parameter.

The addition of some microallying elements, such as Nb and Ti has some influence
on the hot deformation behaviour of steel where the peak strain and steady state
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strain increase. As a consequence DRX is effectively retarded because of solute drag
and precipitate pinning, and the steady state grain sizes decrease with an increase in
the steady state stress [73, 74]. However, by comparing the flow curves before and
after precipitation Cho et al. [44] did not find any significant difference in the peak
or critical strains, and thus concluded that precipitation could not prevent DRX.
Zhang et al. [74] investigated the influence of Nb on DRX and compared the results
with a plain carbon steel. For DRX they found that the critical stress for Nb steel was
higher than for plain carbon steel due to the large difference in the activation energy
required for recrystallisation. Nb steel has higher activation energy than plain carbon
steel, but the recrystallisation of Nb steel was retarded at low temperature because of
the effect of Nb(C, N) precipitation. The recrystallisation kinetics of both steels was
enhanced by the increase in strain.

Some steelmakers have proposed using high Nb content pipeline steel (up to
0.1%Nb) and a high temperature process (HTP) in rolling to minimise the cost of its
production. Xu et al. [75] recently studied the DRX behaviour of such steels and
found that an increase in Tnr because of a high Nb content ,but that the ratio of εc/εp
was low compared to traditional steels containing Nb. Xu also found that high Nb
steel has high SRX activation energy compared to low carbon and low Nb steels
which retard austenite recrystallisation [20, 75].

Mn was also found to be one of the alloying elements which delays DRX, as was
reported by Chandra et al. [76]. This is due to an increase in the activation energy as
well as an increase in the critical strain by increasing the Mn content in steel.

2.4.5

Metadynamic recrystallisation

MDRX is a mixture of the SRX and DRX processes where the nuclei that are
dynamically formed during deformation keep growing during the inter-pass time.
Thus, the difference between MDRX and SRX is that the nucleation process of
MDRX occurs during deformation, while in SRX, both nucleation and growth are
completed within the inter-pass time. It has been reported that the MDRX kinetics
depends on the strain rate and temperature, and the size of the resultant recrystallised
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grain depends mainly on the Zener-Hollomon parameter, Z. This is in contrast with
the SRX grain size that depends on strain and the initial grain size [44, 77].

Sun and Hawbolt [69] investigated the effects of the initial austenite grain size,
deformation temperature, strain rate, and strain on SRX and MDRX kinetics through
a two passes deformation test for A36(0.17%C) and DQSK(0.04%C) plain carbon
steels. They found that both SRX and MDRX were accelerated by increasing the
strain rate, which is due to an increase in the recrystallisation driving force achieved
during deformation. Also, the more strain applied to the sample with SRX the faster
the rate of recrystallisation that can be achieved. On the other hand, a small effect of
strain was reported on MDRX because it had already exceeded the peak strain during
deformation. The starting austenite grain size has an effect on SRX upon reheating in
that the larger initial austenite grain size the lower the rate of SRX that can be
achieved because of decreasing the potential density of nucleation sites for SRX (i.e.
austenite grain boundaries). In contrast, the initial austenite grain size is expected to
have a very little effect on the overall kinetics of MRDX. Both SRX and MDRX
recrystallisation kinetics are enhanced by increasing the deformation temperature
[44].

It has been reported [78] that MDRX is present and more rapid in the early stages of
rolling compared to static recrystallisation, with the result being some grain
coarsening takes place during cooling after deformation once straining has been
extended into the DRX regime. The grain size for both DRX and MDRX decreased
when the strain rate is increased and/or the temperature is lowered (i.e. as Z is
increased). The MDRX can refine the grain size produced by DRX by factor of 1.5
or more. Another effect of MDRX being reported is its influence on the amount of
retained work hardening, which leads to the possibility of DRX continuing with
further straining.

Recently, Lin et al. [71] carried out a study on commercial 42CrMo high strength
steel by investigating the influence of the deformation parameters (temperature,
strain rate, and amount of reduction) on the MDRX behaviour. They observed that
the softening fraction increased by increasing the deformation temperature. They also
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noticed that the recrystallisation kinetics accelerated when the strain rate was
increased. Moreover, when the amount of reduction (i.e. strain) increased the
softening rate increased, although the effect of strain was not as significant as the
effects of deformation temperature and strain rate. This was due to a less significant
change on the substructure by varying the degree of deformation beyond the peak
strain and, thus, the amount of deformation having no effect on the MDRX kinetics.

Cho et al. [44, 79] studied the effect of the strain rate on MDRX for Nb steel. They
observed an increase in the softening kinetics when the strain rate was increased. For
example, about 80% fractional softening (FS) was obtained when material was
subjected to a strain rate of 5 s-1 compared to 20% FS after a strain rate of 0.05 s-1 (
Fig. 2.15).

Fig. 2.15 Effect of strain rate on softening at 1000˚C [44].

Moreover, the study on the effect of temperature on t50% at constant strain rate (Fig.
2.16) has shown that the temperature has less influence on MDRX compared to SRX
[44, 79].
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Fig. 2.16 Dependence of t50% on temperature [44].

Hodgson et al. [49] carried out a study on determining the recrystallisation kinetics
for X60 steel through interrupted hot torsion tests. They observed that the
dependency of the recrystallisation rate on the strain was changing and can be
classified into three regions. The first region contains a large strain where MDRX is
the dominant softening mechanism. Such a region is shown in Fig. 2.17 for a
deformation temperature of 1000 C and a strain above 0.8. It was also noticed that
this strain value increased by decreasing the temperature (e.g. from 1.8 to 5.2 with a
decrease in temperature from 900 to 850C). The second region is the occurrence of
SRX when the strain level is below the strain independent softening region. The rate
of softening in this region was decreasing with decreasing the strain due to lower
dislocation density, which provides the driving force for SRX. Also, with a further
decrease in strain (i.e. points A and B in Fig. 2.17); strain -induced precipitation
takes place that results in a lower softening rate. Moreover, it was mentioned that the
refining of the recrystallised grain size continues even further after the peak strain
and the strain at which recrystallisation changes from strain dependant to strain
independent. The third region is at the break point (A and B) which shows the
occurrence of strain induced precipitation at temperatures below 900 ºC.
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Fig. 2.17 50% softening time as a function of strain of 3s-1 [49].

2.5

Niobium Precipitation

The addition of Nb

to a broad range of steels for enhancing

processing,

microstructure, and properties as well as performance, is a widely recognised
practice [80] as shown in Fig. 2.18.

Fig. 2.18 Role of Nb in steel [81].
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2.5.1

Solubility

Niobium is known to have a high affinity for carbon and nitrogen so it forms
niobium carbide (NbC) as well as niobium nitride (NbN). It has been well observed
that NbC and NbN are mutually soluble and form a cubic -type crystal structure, and
given that steel typically has both carbon and nitrogen, it is repeatedly implicit that a
carbonitride is formed rather than a pure carbide and nitride, or both [8]. The
dissolution of micro-alloying elements can be illustrated by following the
thermodynamic laws on the solubility of end products. Gladman [8], in his review of
the precipitate dissolution and precipitation behaviour in microalloyed steels,
provides the sets of solubility products for a range of precipitating compounds, such
as V(C, N), Nb(C) and TiN, as a function of temperature, interstitial concentration,
and micro-alloy. The solubility product suggested by Gladman for stoichiometric
NbC in equilibrium with austenite is given by Eq. 2.11
Log ([Nb][C]) = . 6 −6770/

(2.11)

where [Nb] and [C] are the concentration of niobium and carbon, respectively (in
wt%), and T is the temperature in Kelvin. The NbC solubility is highly dependent on
temperature as well as the carbon substance, i.e. Nb solubility is much lower at
higher carbon contents [82].

The solubility of microalloying elements in austenite is higher than in ferrite, as
revealed in Fig. 2.19 [8]. In austenite the nitrides are more stable than carbides for
each of the microalloying elements. The absolute difference in solubility between the
microalloyed carbide and microalloyed nitride varies significantly depending upon
the microalloying elements.
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Fig. 2.19 Precipitate solubilities in austenite and ferrite [8].

2.5.2

Crystallography

The shape, size, and orientation of the precipitate depend on the parent phase, e.g.
austenite or ferrite. There are two features of precipitation crystallography to
consider: i) the existence of the orientation relationship (OR) between the
precipitate’s crystals structure and that of the

atrix, in addition to, ii) the degree of

lattice registry (lattice mismatch) between the precipitate and the matrix. In austenitic
stainless steel it has been found that Nb(CN) precipitate has a NaCl crystal structure
as well as the following OR with the parent austenite FCC () lattice [2, 3, 8]:
(100)Nb(CN) // (100)γ
[010]Nb(CN) // [010]γ
On the other hand, Nb(CN) precipitate in ferrite or martensite shows BakerNutting(B-N) relationship with BCC () lattice [2, 3, 8]:
(100)Nb(CN) // (100)α
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(011)Nb(CN) // (010)α
Both parallel and BN orientation relationship can be demonstrated by the metal
octahedral shown in Fig. 2.20.

(a)

(b)

(c)

Fig. 2.20 Metal atom octahedral for (a) austenite, (b) NbCNand (c)ferrite [2, 3].

When austenite transforms to ferrite or martensite it generally has Kurdjumov-Sacks
(K-S) ORs [2, 8, 83]
(111γ)// (110)α
[110)γ] // [111] α
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Thus, when Nb(C, N) form in austenite, they may be related to ferrite matrix via K-S
ORs matrices or show no rational ORs with ferrite/martensite [2, 3].

The degree of lattice registry (lattice mismatch) between the precipitate and matrix
was established by calculating the linear strain (e) in the matrix lattice parameter that
would be needed to bring the two lattices into coincidence at the matrix/precipitate
interface, i.e.
(

)

(2.12)

where Lp and Lm are the length of the octahedron of the precipitate and of the matrix
lattice parameters of the precipitate and matrix, respectively.

2.5.3

Precipitation kinetics of Nb (C, N)

The precipitation of Nb(C, N) in austenite and ferrite is heterogeneous in nature. This
process occurs in conjunction with crystalline defects, such as grain boundaries,
incoherent twin boundaries, stacking fault boundaries, and dislocations [84, 85]. The
precipitation that forms in this way is attributed to the large mismatch between the
lattice of NbCN and the matrix, austenite or ferrite. These crystalline defects can be
identified as sources of dislocations which can act to cancel some of the elastic strain
which may develop during the formation of the precipitate and thus reduce the
energy barrier to nucleation.

For the non-deformed austenite of Nb containing steels, numerous studies have
shown that the precipitation of Nb occurs preferentially at the austenite grain
boundaries [86, 87]. The Nb atoms, which do not have sufficient time to diffuse to
the austenite grain boundaries, may precipitate intragranularly. These precipitates
were known to be finer than those at the austenite grain boundaries [87]. During the
decomposition of austenite, Nb(C,N) precipitation can also take place on the
advancing austenite/ferrite interphase boundaries [88, 89]. Although the precipitation
kinetics is slow for recrystallised austenite, it can be enhanced in the case of
deformed austenite. The precipitation kinetics enhancement of the deformed
austenite may be due to an increase in preferential nucleation site density, e.g.
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dislocations and sub-grain boundaries. For the deformed austenite, in addition to the
dislocations and subgrain boundaries, coarse precipitates have also been observed at
the austenite grain boundaries.

2.5.4

2.5.4.1

Effect of Nb on steel rolling

Grain size control during austenitising

The initial austenite grain size during reheating is a function of temperature and
soaking time. As stated earlier, during the austenitising process the austenite grain
growth is divided into two types: normal and abnormal grain growth. Normal grain
growth is characterised as the increase in grain size directly proportional to the
increase in temperature, while abnormal grain growth is an abrupt increase of
definite grains at a definite temperature. For this reason the addition of Nb to the
steel has considerable influence on controlling the austenite grain size during
austenitising compared to C-Mn steel. It was found that the higher the content of Nb,
the higher the temperatures at which solubility are exceeded, i.e. there is more Nb
than can be dissolved in the austenite. Consequently, a higher Nb content suppresses
grain growth more effectively at higher temperatures compared to a lower Nb
content (Fig. 2.21) [41].
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Fig. 2.21 Austenite grain coarsening characteristics in steels alloyed with various
amounts of Nb [41].

2.5.4.2 Nb and transformation of austenite

Generally, precipitation occurs during austenite to ferrite transformation due to a
significant drop in the solubility of the micro-alloying elements at the
austenite/ferrite phase boundary. The addition of Nb to microalloyed steel has a
significant influence on the γ to α transfor ation, and the addition of Nb was found
to suppress the formation of ferrite, even when it was added in small quantities. The
influence of Nb solute on the retardation of austenite to ferrite transformation is due
to a decrease of carbon activity arising from the strong interaction between Nb and
C, and heavy segregation of Nb solute at the austenite/ferrite phase boundaries, as
well as a reduction in the rate of ferrite growth. It has been stated that the
precipitation of NbC during low austenitisation temperatures refines the γ structure
and enhances the onset of the austenite to ferrite transformation at higher
temperatures [36, 90].

2.5.4.3

Niobium and strengthening

It is agreed upon that there is a significant increase in strength due to the influence of
Nb. The strength of these steels results from different mechanisms including solid
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solution, grain size, dislocation, and precipitation hardening. The yield strength is
represented by the following equation (Eq. 2.13):
[

]

(2.13)

where YSobs is the observed yield strength; YSP–N is lattice friction stress; ∆YSS ,
∆YStext, ∆YSdis, and ∆YSppt are the stress increments caused by solid solution,
texture, dislocation, and precipitation; and

represents the contribution by the

ferrite grain size, where Ky is strengthening coefficient.
As mentioned earlier, Nb retards recrystallisation in finish rolling, which leads to a
pancaked austenite microstructure with a large amount of crystalline defects. These
defects help to achieve finer ferrite grain size upon austenite to ferrite transformation,
which contributes to its strength [2, 3]. On other hand, precipitation in ferrite has
been reported as the major contributor to its strength. Precipitation in ferrite can be
classified into two types: interphase and general precipitation. Interphase
precipitation forms during austenite to ferrite transformation upon slow cooling,
whereas general precipitation forms after the transformation from austenite to ferrite
or bainitic ferrite [2, 91, 92] has been completed.

2.5.5

Effect of rolling parameters and chemical composition on Nb
precipitation

The following methods were used in the study of Nb precipitation kinetics in
microalloyed steel: theoretical equations, transmission electron microscopy, and
stress relaxation [93]. The chemical composition of steel and change in the
processing parameters such as deformation and temperature, have a significant effect
on the kinetics of Nb precipitation.

2.5.5.1

Effect of temperature

In non-deformed conditions there is a slow Nb(C, N) precipitation upon cooling from
the austenitising temperature. Hence, the chance of a change in the Nb solute content
in austenite is relatively small [8].
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In the presence of deformation, recrystallisation - precipitation interaction changes
with the temperature. Coa et al. [94] investigated the precipitation - recrystallisation
interaction in 900-1025 ºC range with different holding times (10, 90 and 1000 s) for
Nb microalloyed steel (0.062 C, 1.80 Mn, 0.078 Nb and 0.021Ti, wt%) using the
stress relaxation method [84]. They determined the content of Nb in solution and as a
precipitate, as shown in Table 2.1. Based on their experimental results the
deformation temperature also has a crucial influence on recrystallisation, and the
contributions of precipitates and dissolved Nb to help delay recrystallisation are
different at different temperatures. At higher temperatures recrystallisation can be
completed prior to the start of strain-induced precipitation. In this case only the Nb
solute drag has the main influence on recrystallisation, which is not strong enough to
completely delay recrystallization. With a decrease of the deformation temperature,
the recrystallisation driving force decreases and the recrystallisation process becomes
slow, which allows precipitation to occur before recrystallisation is completed.
Strain-induced precipitation can strongly retard recrystallisation, and can even cause
a plateau to appear in the softening kinetics curve. When the holding time at a
specific temperature increases, strain induced precipitation commences, further
delaying recrystallisation. However, the content of dissolved Nb decreases after
strain induced precipitation, which weakens the solute dragging effect of Nb on
recrystallisation. However, if the precipitation pinning effect cannot compensate for
the decreasing drag effect, a static recrystallisation may take place.
Table 2.1 The content of Nb in solution and as precipitate at different deformation
temperatures and holding times.
Nb
Nb (precipitate)
Deformation Temperature, C Holding Time (s) (in solution)
wt%
10
0.048
0
925
90
0.042
0.006
1000
0.012
0.036
10
0.048
0
975
90
0.044
0.004
1000
0.019
0.029
10
0.048
0
1000
90
0.046
0.002
1000
0.026
0.022
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2.5.5.2 Effect of deformation

As stated earlier, Nb precipitation is very slow in the absence of hot deformation,
even at the expected precipitation temperature, but it accelerates in the presence of
deformation. The amount and the acceleration of precipitation induced by strain
depend on the level of strain. Dislocations and low angle sub-grain boundaries are
generated during hot rolling which results in a large number of sites for precipitation
to take place [8, 95]. The higher strain applied, the more deformation substructure is
generated. However, at the same time the relaxation process of dislocations
annihilation takes place, which is more pronounced at high deformation
temperatures.

Park et al. [96] presented a typical precipitation –time –temperature (PTT) (Fig.
2.22) diagram for deformed and non- deformed condition. The strain induced
precipitation shows the C-shaped kinetic curves, and the nose temperatures of the
PTT diagrams are around 900 ºC and are independent of the level of strain. The
minimum incubation time of the Nb(C, N) precipitation gradually reduced from 65 to
5 seconds with increasing strain. Moreover, the finishing time for precipitation
moved toward shorter times, showing that faster precipitation kinetics was caused by
larger strain.

Fig. 2.22 Effect of deformation on precipitation kinetics [96].
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2.5.5.3 Effect of composition

In Nb microalloyed steel the composition of carbonitride is directly proportional to
the composition of the steel, where it was observed that the larger the N/C ratio in the
steel, the more nitrogen-rich was the carbonitride. A typical example of this
relationship is shown in Fig. 2.23. Several studies have reported that the composition
of the carbonitrides depends upon the thermal conditions under which they form. The
data shows that the precipitates contain more nitrogen when formed at higher
temperatures (Fig. 2.24), which is similar to the results for precipitation of vanadium
carbonitride in vanadium-strengthened microalloyed steels [2, 3].

Fig. 2.23 The ratio of C\N% in steel and in Nb(C, N).

Fig. 2.24 N content in Nb(C, N) as a function of temperature.
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Carbon increases the rate and amount of Nb(C, N) precipitation, which in turn results
in a lower static recrystallisation rate. This phenomenon was observed during
deformation where Nb (C, N) precipitates are formed. Dutta and Sellars [97]
developed a model for strain induced precipitation as a function of composition and
processing conditions. This model was slightly modified later in [98] based on
torsion tests of a range of steels. It is interesting to note that using these two models
the precipitate times for T = 900°C, ε= 0.8 and strain rate of 1 s-1 are 50–100 s, 3–6 s
and 1–3 s for carbon contents of 0.04, 0.1 and 0.16, respectively. As recrystallisation
takes approximately 10s to reach 50% by extrapolation of high temperature data,
precipitation in two higher-carbon steels will take place before they recrystallise,
whereas the one with the lower carbon content will be recrystallised before
precipitation [40].

The nitrogen content influences the precipitation kinetics of Nb(C, N). It was stated
by Xu et al. [99] and Wantanabe et al. [100] that the Nb precipitation is slightly
faster when N content increased. Xu et al. [99] examined how the content of N
affected the

precipitation kinetics for Nb steel ( 0.084C and 0.03 Nb) after a

deformation of 0.3. As shown in the PPT curve (Fig. 2.25), the C-curve moved left a
little when the content of N increased from 0.006 (a) to 0.015 (b). This slight move
was noted mostly at higher temperatures because of

a slight increase in the

equilibrium of Nb(C,N) when the content of N was increased [99] .

(a)

(b)

Fig. 2.25 The effect of N content on the PPT curve from (a) 0.006 and (b) 0.015 wt%
[99].
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Abken et al. [101] investigated the influence of the level of Mn on the kinetics of Nb
precipitation, as seen in Fig. 2.26. They noted that the PTT curve shifted to the right
with an increase in the content of Mn with no change in the curve nose at 900 ºC.
The influence of Mn has been attributed to the reduction in the activity of N with an
increasing content of Mn leading to a decrease in the Nb(C,N) precipitation rate [8,
19, 101].

Fig. 2.26 Effect of the level of Mn on kinetics of Nb precipitation.

Titanium, a carbide and nitride former like Nb, enhances the toughness of HSLA
steels when added to Nb steel, but the precipitation kinetics varied when Ti is
added [86, 102].

In a study by Hong et al. [86], it was reported that the strain induced precipitation
of NbC in austenite was delayed in Nb-Ti microalloyed steels compared to Nb
microalloyed steel due to a significant amount of solute Nb in Nb-Ti microalloyed
steel which was already precipitated in the form of (Ti, Nb)(C,N) particles during the
casting process. The PTT curve (Fig. 2.27) shows a typical (C-shape) curve, which
illustrates that the precipitation start time (Ps) of the Nb-Ti steel was delayed, unlike
the Nb steel. The addition of Ti into Nb steel increased the incubation time for the
precipitation of NbC carbides.
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Fig. 2.27 Effect of the addition of Ti on Nb precipitation kinetics.

To summarise, different processing parameters during steel rolling were presented
and the effects of main hardening and softening mechanisms on microstructural
evolution were explained. Also, different aspects of Nb precipitation were presented
and discussed. On the other hand, no studies were conducted to date on the effects of
Nb-rich clusters on recrystallisation, and only few studies were undertaken on the
effect of Nb segregation on the homogeneity of the ferrite microstructure, which will
be the focus of this study.
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Chapter 3
3 MATERIALS AND EXPERMENTAL
PROCEDURE
3.1

Introduction

In this chapter, the composition and dimensions of the samples used in this study will
be described, the different TMP schedules used in this approach will be presented,
and the methods used to prepare the test samples will be outlined. Finally, the
equipment and techniques used for advanced microstructure characterisation will be
described.

3.2

Materials

Three different steels were chosen for comparison; two API-X70 steels with different
Mn contents (referred to as High Mn and Low Mn) and Non-Nb API-X 42 steel
(designated as Non-Nb steel). The High Mn X70 steel was a commercial product
from BlueScope Steel Limited (BSL) that was put into service worldwide. The Low
Mn X70 steel was developed in an attempt to minimise the cost of the steelmaking
process. By lowering the amount of Mn, a higher S content can be tolerated before
harmful MnS are formed. This could eliminate both the desulphurisation process and
calcium treatment while at the same time improving the product properties [19]. The
third steel was also a commercial product from BSL. For all three steels, 230 mm
thick Al killed and continuously cast slabs were manufactured at the fully integrated
BlueScope Steel Port Kembla Steelworks. To avoid surface chill effects and
centreline segregation, only the quarter thickness position of the slabs was used for
these studies. The compositions were measured using standard Spectra Analysis at
BlueScope Steel site and are listed in Table 3.1.

47

Table 3.1 Chemical compositions of studied steels, (wt %).

High
Low
Mn
Mn
X70
X70
C
0.081
0.085
Mn
1.2
0.5
Nb
0.064
0.059
Ti
0.021
0.035
P
0.012
0.01
Si
0.27
0.19
S
0.001
0.002
Ni
0.021
0.018
Cr
0.019
0.26
Mo
0.1
0.11
Cu
0.016
0.011
Al (tot) 0.037
0.04
N
0.0047 0.0054
V
0.003
0.003
B
<0.003 <0.003
H
0.00014 0.00016
Ca
0.0011
0.001
Steel
Type

NonNb
0.095
1.31
0.001
0.012
0.014
0.26
0.01
0.018
0.013
0.002
0.022
0.039
0.0043
<0.003

The material received from BSL was in the form of the samples for Gleeble thermomechanical simulator with 20 x 15 x 10 mm dimensions, as shown in Fig. 3.1.
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Cutting Direction

Fig. 3.1 Geometry of specimen used in Gleeble 3500 thermo-mechanical simulation.

3.3

Grain Coarsening Temperature

The grain coarsening behavior of austenite for the selected steels was
studied as a function of temperature. To estimate the grain coarsening temperatures
(TGC), heat treatment tests were performed by annealing the samples in a muffle
furnace with heating rate of 5°Cs-1 in the range of 1100C – 1250C for 300 s,
followed by water quenching. After heat treatment the samples were cut in half and
prepared by the standard metallographic techniques for microstructure analysis, as
described in Section 3.5.1.

3.4

Gleeble Thermo-mechanical Simulations

Using a Gleeble 3500 thermo-mechanical simulator, plane strain compression tests
were conducted to simulate the required processing parameters. Graphite (C) and
Tantalum (Ta) foils were placed on the sides of the sample that were in contact with
the anvils to provide lubrication (C) and to prevent C-diffusion into the sample (Ta).
The temperature was controlled by K type thermocouples spot welded directly onto
the sides of the specimens within the deformation plane (Fig. 3.2). The error of these
thermocouples was less than 1 % as reported in [19].
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Fig. 3.2 A schematic diagram of the Gleeble plain strain test set-up [38].

3.4.1

Determination

of

non-recrystallisation

and

austenite

to

ferrite

transformation temperatures

As stated in Chapter 2, knowing the non- recrystallisation temperature is crucial for
designing controlled rolling schedules because below the non recrystallisation
temperature, strain accumulates leading to a pancaked austenite microstructure
during TMP. Multiple-hit compression tests in the range of 1100ºC to 675C were
performed using a Gleeble 3500 thermo-mechanical simulator, to evaluate the nonrecrystallisation temperature (Tnr) and the austenite to ferrite transformation start and
stop temperatures, Ar3 and Ar1, of the selected steels, as shown in Fig. 3.3. The
samples were soaked at 1250ºC for 300 s and then subjected to 18 deformations with
0.1 strain (ε ) each and strain rate (  ) of 5 s-1 for the temperature range of 1100 C
to 675 C with 25 ºC step down between the consecutive deformations. These test
parameters, 0.1 strain step size and 25 °C temperature step size, were chosen in
accordance to Schambron et al.[19]. An increase in applied strain would lead to
lowering Tnr as a result of an increase in the stored energy through generating high
dislocation densities. Small temperature step size was used to increase the accuracy
of Tnr determination. At each temperature the load-displacement curve was recorded,
from which the mean flow stress (MFS) was calculated. The stress was calculated via
division of the compression force by the contact area. The contact area was
calculated as a product of the sample length and the anvils width. The metal spread
during deformation did not affect the contact area width because of the cone shape of
the anvils tips. Then, the non-recrystallisation and austenite to ferrite transformation
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temperatures were determined by plotting MFS versus the inverse absolute
temperature (1/T), as reported in the literature [52, 57, 103, 104].

Fig. 3.3 Schematic of multiple deformation tests to determine Tnr, Ar3 and Ar1
temperatures.

3.4.2

Dynamic recrystallisation schedule

The dynamic recrystallisation behaviour of High Mn steel was studied in more detail
by investigating the effects of the processing parameters, i.e. the strain rate and
temperature. The TMP schedule and test parameters are shown in Fig. 3.4 and Table
3.2, respectively.
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Fig. 3.4 Schematic of thermo-mechanical processing schedule: RT is the
austenitising temperature, R is the roughing temperature and F is the finishing
temperature.
Samples were heated to 1250C temperature (RT) at a heating rate of 5 °Cs-1 and
held for 300 s for austenitisation and dissolution of niobium carbonitrides. All
samples underwent a first deformation (R) at 1100 C of 0.3 with a strain rate of 5s-1.
This simulated the rough rolling process in the hot strip mill and ensured a fully
recrystallised microstructure. After that the temperature was either decreased at a rate
of 1°Cs-1 to finishing pass (F) at different temperatures (1075, 1025, 975 and 925 C)
or increased with the same rate to temperature of 1125C. At this first pass the
samples were deformed to a strain of 1.2 at different strain rates of 0.1, 1 and 5 s -1,
followed by water quenching immediately after deformation. Typically, a cooling
rate of more than 200 °Cs-1 was achieved in this quench.

Table 3.2 Deformation parameters to study DRX.

F

Strain

Strain rate (s-1)

Finishing Temperature (C)

1.2

0.1
1
5

1125
1075
1025
975

925
3.4.3

Simulation of industrial hot rolling

The effect of processing parameters on microstructure homogeneity was studied by
performing single and double deformation compression tests under different
deformation conditions (Fig. 3.5).
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Fig. 3.5 Schematic diagram showing Gleeble simulation schedule. R1- roughing
deformation, F1- 1st finishing deformation, F2- 2nd finishing deformation, RTaustenitising temperature, IP-inter-pass time.
The specimens were austenitised at two different temperatures (RT) and held for 300
s. Two austenitising temperatures were selected to be just below and significantly
above the coarsening temperature for each of the studied steels. Following simulated
slab reheating, a “roughing” defor ation to a strain of 0.35 was applied at 1100 ºC
(R1 in Fig. 3.5). Then samples underwent one or two finishing deformations with
different inter-pass times (F1, F2 and IP in Fig. 3.5). For single deformation tests a
strain of 0.75 was used, whereas the strains in double deformation tests were 0.50
and 0.25. All deformations were carried out at a constant strain rate of 5s-1. All the
specimens were water quenched directly after the last deformation, or cooled down
to 600 ºC and held for 300 s to simulate the coiling process in a hot strip mill.
Following that hold, they were air cooled to room temperature. All test parameters
are given in Table 3.3 with the total of 180 Gleeble tests.
Table 3.3 Summary of selected processing parameters.
Steel
High
Mn

RT
(C)

R1
(C)

ε

1250

Low
Mn

F1
(C)
1075

ε

975

0.75

IP
(sec)

ε

825
1100

Nb

975

Coiled @ 600ºC

1025
0.5
0.25

825
53
1100

CR

Water Quench

1100 0.35
1075

Non-

F2
(C)

3

925

10

775

10

0.25
0.5

3.5

3.5.1

Characterisation of Microstructure

Sample Preparation

After the thermo-mechanical tests, samples were prepared for optical metallography,
starting with a cut perpendicular to the load direction (Fig. 3.6) using a diamond
wheel on an Acutom. All the samples were mounted in bakelite and then ground
with silicon carbide paper, beginning with 220 grit, and finishing with 1200 grit. The
samples were then polished with 6 and 1 µm diamond paste.

Fig. 3.6 Schematic of sample cutting direction for metallugraphy.

The prior austenite grain boundaries were revealed by etching with a special reagent
consisting of 80 ml of saturated aqueous picric acid, in addition to 8 drops of
Hydrochloric (HCl) and 8 drops of Teepool. The specimens were immersed into this
solution at 68°C. Depending on the composition of the material and the heat
treatment, the duration of etching ranged between 5 and 10 min. For samples with
ferrite microstructure (i.e. the ones with the simulated coiling step), the etchant was
2% Nital.
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3.5.2

Optical Microscopy

The polished and etched samples were examined in a Leica DMRM microscope
equipped with a digital camera. This microscope was also equipped with LAS4
image capture and analysis software for microstructure characterisation and grain
size measurement. Micrographs in each sample were taken from the same
position at the centre of the deformed zone cross-section as shown in Fig. 3.6.
The grain size measurement was performed by one of the following two methods.
For average prior austenite grain size, the mean linear intercept method was used.
Basically, it is a line with a known length drawn over the micrograph, and then the
number of times the grain boundaries intercept this line is counted. The average grain
size can be computed by dividing the number of grain boundaries intercepting over
the length of the line. On the other hand, the ferrite grain size distribution is counted
by the equivalent circular diameter (ECD). The ECD is computed by measuring the
area of 2D image of grains and then the average area is converted to an equivalent
circle diameter (ECD) as a measure of size [105]. A minimum of 2000-2500 grains
were used to construct the grain size distribution histogram.

The microstructure homogeneity can be assessed from the grain size distribution
histogram, either visually or by plotting the grain size distribution; which is typically
done using the number or area frequency histograms. The grain size distribution can
be classified as homogeneous if it has a unimodal distribution. The most commonly
observed non-homogeneous grain size distribution is bimodal. A bimodal
distribution is characterised by two distinct peaks and distinct mode values (mode is
the most frequent value (or range of values) in a distribution diagram). The level of
bimodality can be quantified using the peak grain size range (PGSR) and the peak
height ratio (PHR). If both of these two parameters equal zero, the grain size
distribution is unimodal. The larger these two parameters are, the larger the level of
bimodality is in the distribution [106]. Refer to Fig. 3.7 for a worked example.
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Fig. 3.7 Bimodality level identification: (a) definition of peak grain size
range(PGSR) and peak height ratio(PHP); (b) schematic example of PGSR and PHR
for a uniform distribution; and (c) schematic example of PGSR and PHR for a highly
bimodal distribution [106].
3.5.3

Scanning Electron Microscopy

For determination of the Nb-Ti-rich particle size distributions and density of the
particle number, selected TMP conditions were imaged using a JEOL 7001F Field
Emission Gun (FEG) SEM operating at a voltage of 5 keV and a probe current of 8
nA). SEM sample preparation included polishing with diamond suspensions and
slight etching with 2% Nital. For the determination of particle size distributions and
number density values 200 - 1000 particles (depending on TMP condition) were
measured. Energy Dispersive X-ray Spectroscopy (EDS) of Nb-Ti-rich precipitates
was carried out using Bruker Quantax 400 SEM EDS, Oxford SEM EDS systems.
For the determination of particle compositions 20 – 25 particles were analysed for
each TMP condition.

3.5.4

Atom Probe Tomography

APT is a technique for the atomic scale characterisation of microstructural features.
It was used here to study the effect of different TMP on fine precipitates
(morphology, size, and composition), which are beyond the capability of SEM.
Four needle samples with dimensions of 0.2x0.2x12 mm were wire cut from the
middle of the TMP samples for preparation of APT samples. Atom probe specimens
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were prepared by the standard two-stage electropolishing technique [107, 108]. A
solution of 25% perchloric with 75% glacial acetic acid was used for rough
polishing, and fine polishing was carried out in a solution of 2% perchloric acid and
98% butoxyethanol.

APT is a field ion microscope which can analyse a specific atom or region with a
mass spectrometer. The presence of a mass spectrometer with a field ion microscope
helps to identify each individual atom. Then a high voltage positive polarity is
applied to the specimen for the field evaporation of ions. Atom probe data was
collected on an Imago (now Cameca) Local Electrode Atom Probe (LEAP),
operating at a temperature of 20 K and a pulse fraction rate of 20% [109]. The APT
experiments were conducted using the LEAP located at Australian Centre for
Microscopy and Microanalysis (ACMM), University of Sydney, Australia. The
results were analysed and reconstructed using calibrated reconstruction parameters
determined by referring to spatial distribution maps from each individual data set
[110].

Matrix composition was determined from the volumes free of visible solute atoms by
using background noise subtraction. The maximum separation envelope method,
which is based on the principle that the solute atoms in a solute enriched feature are
closer than those in the surrounding matrix [108], with dmax = 1 or 1.5 nm was
utilised to identify carbon segregation to dislocations, clusters, and fine precipitates
and dmax = 2 nm was used for evaluation of Nb clustering. A minimum of 20 atoms
was used for C and Nb-C clusters to eliminate random fluctuations. In order to
evaluate the solute drag effect of Nb, clusters starting from 2 atoms were determined.
The volumes selected for this analysis were the volumes free of visible carbon
segregation. As an output from maximum separation program, the Guinier radii (r G),
which represent the size of clusters/fine carbides, were calculated from the radii of
gyration (lg) data using the equation rG = √(5/3) lg [108, 111]. Iso-concentration
surfaces were used to better visualise the features of interest. Solute segregation to
the boundaries was analysed using concentration profiles and Gibbsian Interfacial
Excess (GIE) [108].
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3.5.5

Electron Back Scattered Diffraction

As the standard procedure for prior austenite determination was unsuccessful in
many cases due to severe deformation and the small size of the Gleeble samples, a
recently developed methodology [112] for reconstructing

a parent phase from

quenched martensite microstructure using EBSD mapping was utilised. The maps
were obtained from the centre of the deformed area in the sample cross-section using
a JEOL JSM-7001F FEG SEM fitted with a Nordlys-II EBSD detector operating at
15 keV and 2.8 nA on samples tilted at 70 °. Depending on how fine the martensitic
matrix was, step sizes between 0.1 and 0.25 µm were used to ensure that there were
at least 6 pixels in all the relevant features. Data post-processing was carried out
using Channel-5 software package. Misorientations (θ) of less than 2° were
disregarded, whereas low angle grain boundaries (LAGBs) and high angle
boundaries (HAGBs) were defined as having ° ≤ θ < 15° and 15° ≤ θ ≤ 57.5°
respectively. Thereafter, the parent austenite grains were reconstructed from the
EBSD maps via the ARPGE software [113] package based on general
crystallographic theory of austenite to martensite transformation [114] and using
the orientation relationship between austenite and martensite given in ref. [112],
wherein the (111)fcc orientation is nearly parallel to (011)bcc (~0.5° deviation),
while the [ 1 01] fcc deviates by about 2.5±1° from [ 1 1 1] bcc.
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Chapter 4
4 EFFECT OF PROCESSING PARAMETERS ON
AUSTENITE MICROSTRUCTURE,
CLUSTERING AND PRECIPITATION
4.1

Introduction

During TMP the final ferrite grain size is largely governed by the prior austenite
grain size. The austenite grain size is the result of competition between the driving
forces for recrystallisation and grain growth, and grain boundary pinning by solute
atoms and precipitates enabled by microalloying of the steel. Nb is the most effective
micro-alloying element for pinning the grain boundary but this pinning effect by Nb
varies depending on whether the atoms are clustered within the austenitic solid
solution, or whether these solutes have nucleated as discrete second phase
carbonitride precipitates. In this chapter a wide ranges of processing parameters were
applied to study the behaviour of Nb and its effect on recrystallisation. The effect of
Nb on austenite recrystallisation was studied for Nb-Ti-microalloyed steel reheated
to two temperatures (close to and above the temperature of particle dissolution) and
deformed at three temperatures (below Tnr, near Tnr and above it).

4.2

4.2.1

Results

Austenite grain growth behaviour

The prior austenite grain size as a function of the austenitising temperature for High
Mn, Low Mn and Non-Nb steels is shown in Fig. 4.1, Fig. 4.2, and Fig. 4.3,
respectively. The micrographs indicate that the prior austenite grain sizes increased
with an increasing austenitising temperature. This behaviour is represented
quantitatively in Fig. 4.4.
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For all these steels, two types of the austenite grain growth behaviour were observed
with increasing temperature, as shown in the micrographs (Figs. 4.1-4.3). Below a
specific temperature for grain coarsening TGC, (Fig. 4.4) the grain size increased
slowly with increasing temperature, but above TGC, rapid grain coarsening occurred
due to the dissolution of precipitates which could no longer restrict the mobility of
the grain boundary.

50µm

(a)

50µm

(b)

50µm

(c)

50µm

(d)

Fig. 4.1 Prior austenite grain structure of High Mn steel after austenitising and 300s
hold at: (a) 1100°C, (b) 1150°C, (c) 1200°C and (d) 1250°C.
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50µm
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Fig. 4.2 Prior austenite grain structure for the Low Mn steel after austenitising and
300s hold at: (a) 1100°C, (b) 1150°C, (c) 1200°C and (d) 1250°C.

The grain coarsening temperatures TGC for the High Mn, Low Mn, and Non-Nb
steels were determined to be around 1150ºC, 1150ºC and 1200ºC, respectively.
Above these temperatures mixed grain size microstructures were formed. Based on
these findings, two temperatures of 1100C (low) and 1250C (high) were selected
as the austenitising temperatures for hot deformation studies. For all the steels, at a
lower austenitising temperature (1100°C), relatively fine austenite grains were
distributed uniformly in the microstructure, while at the higher austenitising
temperature (1250 C), a non-uniform coarsening was observed.
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50µm

50µm

(a)

(b)

50µm

(c)

50µm

(d)

Fig. 4.3 Optical micrographs of Non-Nb steel after reheating and 300s hold at: (a)
1100°C, (b) 1150°C, (c) 1200°C and (d) 1250°C.

Fig. 4.4 Effect of austenitising temperature on austenite grain size in studied steels.
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4.2.2

Determination of Tnr and Ar3

A multipass Gleeble plane strain compression test was performed to determine the
non- recrystallisation temperature (Tnr) and the austenite to ferrite transformation
start and finish temperatures (Ar3 and Ar1). The temperatures were determined using
the stress strain curve analysis (Fig. 4.5) obtained from a test with 17 passes with a
decreasing temperature at 0.1 strain per pass and a strain rate of 5 s-1 . It was possible
to calculate the mean flow stress for each pass, but curve oscillations exist due to a
load transducer resistance in the Gleeble.

(a)

(b)

(c)
Fig. 4.5 Stress strain curve from multiple deformation compression test of: High
Mn, (a) Low Mn (b) and non-Nb (c) steel.

The mean flow stress (MFS) for each pass was calculated using the following
equation [52, 103, 115]:
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1 b

 . d
 b  a 



(4.1)

a

where a and b are the equivalent strain (start and end) of the pass of interest.
The MFS versus the inverse absolute temperature (K-1) were plotted for the High
Mn, Low Mn, and Non- Nb steels (Fig. 4.6). As depicted from Fig. 4.6, each graph
was divided into three regions. Region 1 is a high temperature range where the
austenite is subjected to full recrystallisation between passes and the stress increased
because of drop in temperature only. In Region 2 the stress increased significantly
because of the drop in temperature and accumulation of strain. It is also necessary to
mention that recrystallisation was inhibited in this region probably because of strain
induced precipitation. Region 3 shows a significant drop in stress due to the
transformation of austenite to soft ferrite (Ar3), and then the transformation of ferrite
was completed at Ar1 and the stress increased due to work hardening and a reduction
in temperature in Region 4. From the graphs shown in Fig. 4.6, the values for Ar3 and
Tnr were estimated with an error of 25 ºC. The Ar3 temperatures for the High Mn,
Low Mn and Non-Nb steels were 800, 850, and 775ºC, respectively. Also, the
measured Tnr values were found to be 975, 1000 and 900 ºC compared to the
calculated values of 1107,1125 and 840 ºC using the Eq. 2.2 (page 9) for High Mn,
Low Mn and Non-Nb steels, respectively . The calculated values showed higher
values as some elements in composition and processing parameters were not taken
into consideration”.
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(a)

(b)

(c)
Fig. 4.6 Determination of Tnr, Ar3 and Ar1 temperatures for (a) High Mn, (b) Low Mn
and (c) Non -Nb steels.

4.2.3

Effect of austenitising and deformation temperatures on the austenite
grain structure for High Mn steel

Following austenitising at either 1100 or 1250°C, all the samples underwent a
rouging defor ation (ε =0.35, =1100°C), and then a finishing deformation at three
temperatures of 1075, 975, and 825°C. With reference to the TMP schedule shown
earlier in section 3.4.3, in the text below a description of the TMP schedule indicates
the austenitising temperature (RT) and finishing (F1) deformation temperature as
TRT/ F1, e.g 1250/ 1075. In order to prevent diffusion of substitutional elements, and
Nb in particular, all the samples were water quenched immediately after the finishing
deformation.
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The stress versus strain curves obtained during this finishing deformation at these
temperatures with 0.75 strains are shown in Fig. 4.7. For the condition 1250/825, the
stress-strain curve clearly shows an increase in the stress with increasing strain,
indicating that work hardening was the dominant mechanism. For the conditions
1250/1075, 1100/1075 and 1100/975, the flow curves showed a drop in stress after a
maximum point, which is an indication of DRX occurrence. The stress versus strain
curve for the 1250/975 sample flattened after a strain of about 0.5, which means
there was a competition between work hardening and dynamic recrystallisation.

Fig. 4.7 True stress versus true strain curves for High Mn steel.
The quenched microstructures consisted of martensite, which was more refined after
deformation compared to the condition before deformation (Figs 4.8a and b). The
prior austenite microstructures for samples quenched before deformation consisted of
equiaxed grains (see non-deformed 1250/1075 and 1250/975 in Figs 4.8, c and e).
With a decrease in temperature, the average grain size increased from 31±13 µm for
1075°C to 51±21 µm for 975°C, due to an increase in cooling time from the
roughing temperature of 1100°C.

In the samples quenched after deformation, i.e. conditions 1250/1075 (Fig. 4.8d),
1100/1075 (Fig. 4.8h) and 1100/975 (Fig. 4.8i), fully recrystallised equiaxed prior
austenite microstructures were observed, which corresponds to the softening
behaviour of the stress -strain curves (Fig. 4.7). The average size of austenite grains
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was decreased with a decrease in the deformation temperature from 10 ±4 µm for
1100 /1075 condition (Fig. 4.8h), to 6±3 µm for 1100 /975 sample (Fig. 4.8i), and a
decrease in reheating temperature from 15 µm for 1250/1075 specimen (Fig. 4.8d)
to 10 µm for 1100/1075 sample (Fig. 4.8h). In the quenched 1250/975 sample, a
mixture of recrystallised (equiaxed) and non-recrystallised (elongated) grains was
observed (Fig. 4.8f), indicating a partial recrystallisation. In the samples quenched
after deformation at 1250/825 (Fig. 4.8g), all the grains were elongated indicating
absence of DRX. This is consistent with the behaviour of the flow curves that was
observed during testing (Fig. 4.7).

20um

20um

(a)

(b)

20µm

20µm

(c)

(d)

(Fig continued)
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20µm

20µm

(f)

(e)

20µm

20µm

(h)

(g)

20µm

(i)
Fig. 4.8 Representative martensite misrostructures for 1250/1075 samples (a) before
and (b) after deformation; and prior austenite microstructures for the (c) 1250/1075
and (e) 1250/975 samples quenched prior the finishing deformation, and
(d)1250/1075, (f) 1250/975, (g) 1250/825 , (h) 1100/1075, (i) 1100/975 samples
quenched after deformation.
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4.2.4

Effect of reheating and deformation temperatures on Nb atom clustering
and precipitation in High Mn steel

It is believed that the variations observed in austenite recrystallisation kinetics, and
consequently the austenite microstructure, were significantly influenced by the Nb
precipitation kinetics which depend on the TMP parameters. Therefore, a study of
Nb precipitation was carried out.

The SEM imaging, carried out for 1250/1075, 1250/975, 1100/1075 and
1100/975 TMP conditions (Fig. 4.9) revealed the presence of 20–130 nm precipitates
in deformed austenite. Two groups of precipitates were separated by EDS: (i) > 70
nm ellipsoidal and cuboidal, mainly TiNb-rich; and (ii) < 70 nm close to spherical
shape, mainly Nb-rich (Fig. 4.10). The > 70 nm particle parameters did not show a
significant variation with the TMP schedule (Table 4.1, Fig. 4.11), probably because
the higher dissolution temperature / longer time required for the particle Ti core
compared to the used reheating temperature /time. However, within the < 70 nm size
range a variation in the particle parameters was observed. With a decrease in the
reheating temperature the average particle diameter decreased, the number density
increased, and a relative amount of the Nb-rich particles (to the total amount
analysed) increased. This can be the result of incomplete dissolution of the Nb-rich
particles during reheating at a lower temperature. With a decrease in deformation
temperature, both the particle number density within the < 70 nm size range and a
relative amount of the Nb-rich particles (to the total amount analysed) increased.
This can be explained by an increase in processing time with a decrease in
deformation temperature (time of cooling from the roughing to the finishing
deformation temperature).
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1µm

1µm

(a)

(b)

1µm

1µm

(c)

(d)

1µm

(e)
Fig. 4.9 Representative SEM micrographs of the NbTi-rich precipitate for the (a)
1100/1075, (b) 1250/1075, (c) 1100/975, (d) 1250/975 and 1250/825 conditions.
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(a)
Ti

Nb

(b)

Nb

(c)

Nb

Fig. 4.10 Typical SEM micrographs and corresponding EDS spectra of (a) coarse
cuboidal TiNb-rich, (b) coarse ellipsoidal Nb-rich, and (c) fine spherical Nb-rich
particle.
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Table 4.1 TiNb-rich particle parameters, measured using SEM imaging.

Austenitising
temperature, °C

1100

Deformation
temperature, °C

1075

1250
975

1075

975

825

Particle size range, nm < 70 >70 < 70 < 70 >70 >70 < 70 >70 < 70 >70
Number density, µm-2

3.13 0.13 12.1 2.75 0.31 0.21 2.75 0.31 0.38 0.22

Average diameter, nm

26 96
±11 ±40

22
±8

29 84 92 29 84 32 92
±30 ±13 ±28 ±13 ±19 ±15 ±17

Nb

57

0

50

20

30

40

50

20

100

37

Nb-Ti

43

100

20

100

70

60

50

80

0
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Amount,
%

Fig. 4.11 The NbTi-rich particle diameter distributions in deformed austenite
obtained using SEM imaging.

Due to the limitation of SEM resolution in detecting very fine features (less than 20
nm), APT was used, as it was proved being successful in characterizing fine features
such as Nb precipitates and atom clusters [116, 117]. The 3D maps of C, Si, Mn, Nb,
and Ti atom distributions for non-deformed (1250/1075 and 1250/975) and deformed
conditions (1250/1075, 1250/975, 1250/825, 1100/1075 and 1100/975) are shown in
Fig. 4.12. The figure shows that the selected elements are uniformly distributed in
the analysed area except of carbon segregation and some segregation of
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substitutional elements such as Si, Mn, Nb and Ti to the assumed grain boundaries or
interfaces. The carbon segregation is seen in all conditions, which is highlighted by
the iso-concentration surfaces, in the form of clusters, fine precipitates or
segregations to dislocations and boundaries.

(a)

(b)
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(Fig continued)

(c)

(d)

(e)
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(Fig continued)

(f)

(g)
Fig. 4.12 The 2 at% C iso-concentration surfaces and atom maps for the nondeformed (a)1250/ 1075 (37311604 atoms anlaysed) and (b)1250/ 975 (26413833
atoms anlaysed)

samples; and the deformed (c)1250/ 1075 (7879875 atoms

anlaysed) and (d)1100/ 1075 (29952382 atoms anlaysed), (e)1250/ 975 (13356435
atoms anlaysed), (f)1100/975 (13907634 atoms anlaysed) and (g)1250/ 825
(51243579 atoms anlaysed) conditions.

The APT data analysis has shown enrichment of C at what were thought to be
martensite lath boundaries and prior austenite grain boundaries (Fig. 4.13). The
element concentration profiles across these types of interfaces did not show any
variation in the substitutional solute element distributions in the regions adjacent to
these interfaces (Fig. 4.13b), suggesting that there was very little substitutional
element diffusion on quenching. However, the GIE analysis of what was deduced to
be a prior austenite grain boundary revealed a slight enrichment of all the alloying
elements, particularly Nb (Table 4.2). In addition, C and Ti rich precipitates were
observed at the boundaries (Fig. 4.13c). The arrangement of C atoms in the samples
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quenched after deformation was similar to the microstructure of a lower bainite
where the formation of C atmospheres around dislocations and enrichment of C at
the grain boundaries was present, and the fine Fe carbides exhibited similar
crystallographic orientations (Fig. 4.14). No detectable difference in the
concentration of substitutional elements in the regions adjacent to either side of the
grain boundary was observed, which is similar to the non-deformed condition. The
GIE analysis revealed a depletion of Nb at the grain boundaries in deformed samples
(Table 4.3), which is in contrast to the measurements from samples in the nondeformed condition. Although some depletion of Nb in solid solution was expected
due to the formation of Ti-rich and Nb-rich carbonitrides and carbides, the analysed
volume contained very small clusters not apparent by simple inspection of the atom
maps; they were detected and analysed using the maximum separation method.

(b)

(a)
(c)
Fig. 4.13 (a) C atom map and concentration profiles (b) across a lath boundary (dot
arrow) and (c) across a TiC precipitate (black arrow) for the 1250/1075 sample
quenched before deformation.
76

Table 4.2 GIE analyses across the assumed prior austenite grain boundary in the
1250/1075 sample quenched before finishing deformation.
Element
Al
C
Fe
Nb
Mo
P
Cu
Si
Mn
V
Ni
Cr
Ti

GIE m-2
-7.45E+15
2.54E+18
-3.09E+18
9.67E+15
2.45E+16
-1.46E+16
0.0E+00
7.80E+16
3.51E+17
-6.62E+15
8.86E+16
5.02E+16
7.04E+15

Error in GIE
7.42E+15
0.065E+18
0.35E+18
2.08E+15
0.77E+16
0.39E+16
0.0E+00
2.99E+16
0.38E+17
0
1.19E+16
0.98E+16
1.04E+15

Comment
neutral
enriched
depleted
slightly enriched
enriched
depleted
neutral
slightly enriched
enriched
depleted
enriched
enriched
neutral

( a)

(b)

(c)
Fig. 4.14 (a) C atom maps and concentration profiles (b) across a precipitate
(black arrows) and (c) across a boundary (dot black arrow) for the 1250/1075
sample quenched after deformation.
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Table 4.3 GIE analysis across the assumed prior austenite grain boundary after
deformation in 1250/1075 sample.

Elements
Al
C
Fe
Nb
Mo
P
Cu
Si
Mn
V
Ni
Cr
Ti

GIE m-2
8.5E+17
3.6E+19
-4.4E+19
-4.0E+17
5.2E+16
4.3E+17
0.0E+00
6.7E+18
6.2E+17
-4.0E+16
5.9E+16
4.4E+17
1.7E+16

Error in GIE
1.6E+17
0.07E+19
0.43E+19
0.29E+17
10E+16
0.96E+17
0.0E+00
0.43E+18
4.2E+17
2.4E+16
2.6E+16
0.98E+17
3.3E+16

Comments
slightly enriched
enriched
depleted
depleted
neutral
enriched
neutral
enriched
slightly enriched
slightly depleted
slightly enriched
enriched
slightly enriched

An analysis of matrix compositions was carried out in the volumes free from any
visible segregations of solute and the summary is given in Table 4.4. It is clear there
was some depletion in Mn in all the samples, which could be associated with the
large number of MnS present in this steel, and an over enrichment in Si compared to
its nominal composition. The presence of a high level of Si more than the nominal
composition was reported earlier in [118, 119] and attributed due to preferential
retention of Si atoms as an APT artifact [108]. It is worth to note that matrix is
depleted in C, Nb, Ti and P, which indicates their segregation elsewhere
(precipitates, grain boundaries, Cottrell atmospheres, e.g.). However, the degree of
Nb depletion differs from one condition to another. A higher content of Nb was
found in the samples austenitised at the higher temperature of 1250ºC, compared to
the lower one of 1100ºC, because the 1250ºC temperature exceeded the dissolution
temperature of the Nb precipitates. The same observation was found for the C
content: with an increase in the austenitising temperature the C content in the matrix
increases.
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Table 4.4 Nominal compositions of steel and matrix (at. %) determined from the
volumes free of any visible segregation using APT (based on the number of ions).
C
Al
V
Si Mn Mo Cr
P
Nb
Ti
No inal 0.374 0.076 0.003 0.534 1. 13 0.058 0.0 0.0 0.038 0.0 4
non
0.0 ± 0.09± 0.00 ± 0.65± 0.97± 0.05± 0.0 ± 0.03± 0.03± 0.007±
defor ed
0.01 0.01 0.01 0.0 0.0 0.01 0.01 0.01 0.0 0.001
1 50/975
non
0.05± 0.08± 0.00 ± 0.56± 0.78± 0.03± 0.0 ± 0.0 ± 0.01± 0.00
defor ed
0.01 0.01 0.01 0.01 0.01 0.001 0.01 0.01 0.01 ±0.001
1 50/1075
0.05± 0.09± 0.003± 0.67± 0.88± 0.04± 0.0 ± 0.03± 0.016± 0.011±
1 50/1075
0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.001
0.03± 0.09± 0.00 ± 0.60± 0.78± 0.05± 0.0 ± 0.0 ± 0.015 0.003±
1 50/975
0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 ±0.01 0.001
0.03± 0.09± 0.003± 0.64± 0.63± 0.05± 0.03± 0.06± 0.037 0.001±
1 50/8 5
0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01± 0.001
0.0 ± 0.09± 0.00 ± 0.57± 0.69± 0.03± 0.0 ± 0.0 ± 0.00 ± 0.00 ±
1100/1075
0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.001 0.001
0.01± 0.09± 0.00 ± 0.58± 0.61± 0.03± 0.0 ± 0.03± 0.005± 0.001±
1100/975
0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.001 0.001
The analyses, carried out using the maximum separation method, have shown Nb
solute atoms clustering in the non-deformed and deformed austenite (Figs 4.15 and
4.16), whereas Nb-C co-clustering was detected only in the deformed austenite (Fig.
4.17).
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(d)

(a)

(b)

(c)

(e)

(Fig continued)
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(f)

(g)

Fig. 4.15 Atom maps showing Nb cluster arrangements within 2nm maximum
separation distance (all other atoms removed for clarity) for the non-deformed
samples (a) 1250/1075, and(c) 1250/975, and deformed samples (b) 1250/1075, (d)
1250/975, (e) 1250/825, (f) 1100/1075 and (g) 1110/975.

For both non-deformed and deformed conditions, the number density of Nb clusters
decreased as the size of the cluster increased (Fig. 4.16). The number density of
small clusters (2-3 atoms per cluster) in non-deformed austenite was higher than in
deformed austenite for both deformation temperatures of 1075°C and 975°C (Fig.
4.16, a and b). The number density of intermediate sized clusters (4-8 atoms per
cluster) was similar for both deformed and non-deformed conditions. However, the
maximum cluster size was larger for the respective deformed condition compared to
the non-deformed (Table 4.5). With a decrease in temperature, the maximum cluster
size increased. The total cluster number density of Nb was lower in the deformed
samples than the non-deformed, which may be related to the rearrangement of Nb
clusters into Nb-C clusters. With a decrease in deformation temperature the cluster
number density was more than doubled.
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(a)

(b)

(c)
Fig. 4.16 Variations in the Nb cluster number density with cluster size: (a) and (b)
show the influence of straining at constant temperature, (c) shows the influence of
the deformation temperature.
Table 4.5 Parameters of Nb atom clusters.

TMP condition
non -deformed 1250/1075
non- deformed 1250/ 975
1250/1075
1250/975
1250/825

Maximum cluster size, Number density,
number of atoms
106m-3
8
4.27
11
4.38
12
3.19
16
3.74
24
7.54
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With a decrease in the austenitising temperature to 1100ºC , the Nb content in the
austenite matrix and the Nb cluster size decreased for both deformation temperatures
(Tables 4.4 and 4.6). Moreover, the Nb cluster number density decreased to 1.60 and
2.15µm-3 for the deformed conditions 1100/1075 and 1100/975, respectively
compared to 3.19 and 3.75µm-3 for the deformed conditions 1250/1075 and
1250/975, respectively.

The Nb-C co-clusters of 2.5 - 3.6 nm (30-55 atoms) size were observed in deformed
austenite as presented in Table 4.7. Their corresponding maps are shown in Fig. 4.17.
The cluster composition varied with their size. After deformation at 1075 and 975
°C, the concentration of C in the clusters increased slightly with an increase in
cluster size, which indicates a possibility of C diffusion to pre-existing Nb clusters.
This trend was opposite for the 1250/825 sample: with an increase in cluster size the
Nb content increased. Some clusters (Table 4.7) showed close to 50/50 of Nb/C
content ratio, which corresponds to the composition of equilibrium NbC precipitate.
However, these Nb-C atom arrangements occurred within the Fe lattice, with no
precipitate-like crystallographic orientation of these arrangements being observed.
With a decrease in the deformation temperature the Nb content in the clusters
increased, the average cluster size decreased and the number density increased. This
corresponds to a decrease in Nb solubility and diffusion rate with a decrease in
temperature.

On the other hand, the Nb-C cluster number density increased slightly to 0.20 and
0.26 for the deformed conditions 1100/1075 and 1100/975, respectively, compared to
0.18 and 0.19 for the deformed 1250/1075 and 1250/975 samples, respectively
(Table 4.7). It was also observed that the concentration of Nb and C in the matrix
was reduced when the austenitising temperature was lowered to 1100 ºC. At both
austenitising temperatures, the Nb and Nb-C cluster number densities increased with
a decrease in the deformation temperature from 1075 to 975 ºC (Tables 4.5 and 4.7).
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(a)

(b)

(c)

(d)
(Fig continued)
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Fig. 4.17 Atom maps of C-Nb clusters
for deformed samples

a)1250/1075,

b)1250/975, c)1250/825, d)1100/1075
and e)1100/975. Maximum separation
method with 1.5 nm distance. Matrix
atoms were removed for clarity.

(e)
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3.19

1.3
±0.4
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(nm)
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100

1.6

307

2.15

1.1
±0.3
1.6

±19.6 ±19.6 ±0.4
33.3

Number of
clusters
Number
density,
106µm-3

temperature

Number of
clusters
number
density,
106µm-3

temperature

-

-

975

1100C austenitising

Nb
(at%)

1075

1250C austenitising

Fe
(at%)

Temp (ºC)

Table 4.6 Characterisation of Nb clusters (Dmax=2 nm).

66.7

1.0

±26.6 ±26.6

0.2

Table 4.7 Characterisation of C-Nb clusters (Dmax=1.5 nm), minimum 20 atoms.

Austenitition/
Deformation
temperature,
°C

1250/1075

1100/1075

1250/975

1100/975

1250/825

Element
concentration,
at %

Guinier
radius,
nm

Number
of atoms
in
cluster

C

Fe

Nb

70.9
±8.2

6.5
±4.4

22.6
±7.5

2.4

29

84.3
±5.6
91.5
±4.0

1.3
±0.9
5.3
±3.2

14.5
±5.4
3.2
±2.5

3.6
±0.5
3.4
±1.1

52
±35
57
±35

81.3
±7.1

5.1
±2.9

16.9
±0.9

2.5
±0.5

34
±19

87.9
±5.9

3.1
±2.4

9.1
±5.2

2.6
±0.4

31
±13

63.1
±9.0

1.6
±1.6

35.3
±8.9

3.1
±0.5

29
±11

84.7
±5.7

5.0
±3.2

10.3
±5.0

2.76
±0.5

36
±17

62.5
±8.6

12.5
±5.9

25.0
±7.7

3.1

28

87.8
±5.8

5.2
±3.5

7.0
±4.5

2.8
±0.8

37
±35

50.1
±8.7
65.2
±8.2
76.2
±6.7

5.9
±2.8
3.6
±2.7
4.8
±3.1

44.0
±8.6
31.2
±8.0
19.0
±6.2

3.1
±0.1
3.6
±0.3
3.4
±0.9

31
±1
33
±8
46
±33
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Number
of
clusters

Number
density,
106µm-3

5

0.18

7

0.20

17

0.19

11

0.26

21

0.21

4.2.5

Influence of Mn content on austenite recrystallisation and Nb
precipitation

A change in the content of Mn had an influence on the recrystallisation and
precipitation kinetics. Two TMP schedules were selected to study the effects of Mn
and finishing deformation temperature. After austenitising at 1250°C and a roughing
deformation of 0.35 strains at 1100 ºC, the samples were subjected to 0.75 strain at
1075 and 975 °C. The austenite microstructures before roughing at 1100 °C did not
show a significant variation in the average grain size between High Mn and Low Mn
steels, as shown in Fig. 4.18.

20 µm

(a)

20 µm

(b)

Fig. 4.18 Prior austenite microstructures after reheating at 1250 °C for 300s,
,cooling to 1100 °C and water quenching for the (a) High Mn and (b) Low Mn steels.

For a higher deformation temperature of 1075°C the stress versus strain curves for
both High and Low Mn steels appeared very close to each other (Fig. 4.19). A
decrease in stress after a certain value of strain indicated DRX. The austenite grain
structures were fully recrystallised with no significant difference between the two
steels (Figs. 4.20a and b). However, with the deformation temperature decreased to
975°C a variation in the recrystallisation kinetics occurred: (i) the stress-strain curve
of the High Mn steel showed higher stress values and a higher work-hardening rate;
(ii) the grain structure of the High Mn steel was partially recrystallised, while the
Low Mn steel was fully recrystallised.
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Fig. 4.19 Stress versus strain curves for High and Low
Mn steels.

(a)

(b)

(c)
(d)
Fig. 4.20 Prior austenite microstructures after finishing deformation at 1075ºC for
(a) High Mn and (b) Low Mn steels and deformation at 975ºC for (c) High Mn and
(d) Low Mn steels.
88

In the Low Mn steel, the SEM imaging revealed the presence of 25 – 130 nm NbTirich precipitates (Fig. 4.21), which is in the range of values observed for High Mn
steel. However, the particle size distributions and chemistry varied significantly
between the two steels. Within the < 70 nm size range the particle number density
was more than 5 times lower and the average particle diameter was about 2 times
larger in the Low Mn steel than the values for the High Mn steel (Table 4.8). Within
the >70 nm size range the particle number density was more than 2 times higher in
the Low Mn steel than the values for the High Mn steel. The peak of maximum
frequency moved from the < 70 nm size range in the High Mn steel to the > 70 nm
size range in the Low Mn steel (Fig. 4.22). In the High Mn steel 80 % of precipitates
in the > 70 nm size range were TiNb-rich, while in the Low Mn steel almost 100 %
of particles analysed in this size range were pure Nb-rich.

1µm

1µm

Fig. 4.21 Representative SEM micrographs of the TiNb-rich precipitates in austenite
deformed at 975 C° for the (a) High Mn steel and (b) Low Mn steel.

Table 4.8 Comparison of the parameters for the TiNb-rich particles for two steels.
Austenitising – finishing deformation
temperatures, °C

1250 - 975

Steel grade

Low Mn

High Mn

Particle size range, nm

< 70

>70

< 70

>70

Number density, m

-2

0.53

0.67

2.75

0.31

Average diameter, nm

54
±10

81
±14

29
±13

84
±19
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Fig. 4.22 The NbTi-rich particle diameter distribution in the High Mn and Low Mn
steels.

4.2.6

Influence of the inter-pass time on austenite microstructural and
precipitation

During the inter-pass time between deformations, the prior austenite grains were
subjected to either grain refinement due to recrystallisation or grain growth when
recrystallisation is retarded. Both High and Low Mn steels were subjected to two
finishing deformations, 0.5 strain at 1075 followed by 0.25 strains at 1025ºC. Two
times of 3 and 10 were selected to study the effect of inter-pass time. It was found
that with an increase in the inter-pass time the average austenite grain size increased
(Fig. 4.23) (from 21±10m to 23±12m in the High Mn steel and from 11±8m to
15±9m in the Low Mn steel).
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20 µm

20 µm

(a)

(c)

20 µm

20 µm

(b)
(d)
Fig. 4.23 Prior austenite microstructures for the High Mn (a,b) and Low Mn (c, d)
steels deformed with inter-pass time of (a, c) 3 and (b, d) 10s.

4.3

4.3.1

Discussion

Influence of chemistry on critical temperatures

The addition of microalloying elements

such as Nb and Ti, has a significant

influence on the following four critical temperatures for the austenite phase: i) the
TGC, ii) the non recrystallisation temperature (Tnr) , iii) ferrite transformation start
temperature (Ar3) and the ferrite transformation finish temperature (Ar1) [120] .
The design of the austenitising process is important because it controls the amount of
microalloying elements (specifically V, Nb, and Ti) in the solid solution and the
starting grain size. This is important for subsequent precipitation during or
immediately after rolling in order to achieve the required mechanical properties [1,
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121]. The results (Fig. 4.4) have shown that the TGC are 1150, 1150, and 1200 for
High Mn, Low Mn, and Non-Nb steel, respectively.

The austenite grain size during coarsening was mainly controlled by the solubility of
micro-alloying precipitations. TiN is known as the most stable compound and has
the highest dissolution temperature [1, 122, 123], thus it controls the austenite grain
size. Moreover it has been reported that the stability of TiN increased when its Ti
content was hypostoichiometric with respect to N, which is the case for Non-Nb
steel, as it limits the matrix solubility of Ti which consequently reduces the growth of
TiN particles [122]. On the other hand the particles of Nb that formed in the High
Mn and Low Mn steels are less stable and have a lower solubility temperature than
TiN, as was reported earlier [1, 13, 41, 122]. Therefore, the TGC in the Non-Nb Ti
alloyed steel was observed to be higher than those for High and Low Mn steels,
which correlates with data in the literature on the slowest austenite grain coarsening
kinetics in the steels alloyed with Ti (as shown in Fig. 2.7) [41] ,

The results have shown a variation in the grain growth rate with Mn content (Fig.
4.4). In the Low Mn steel the grains were growing faster than in the High Mn steel,
which led to a 30 % larger average grain size in the Low Mn steel for the same
austenitising schedule. It is known that additions of Mn increases the solubility of Nb
in austenite [2, 124], and therefore it is possible to expect more Nb in solution at the
same temperature in High Mn steel than in Low Mn steel. However, a stronger grain
boundary pinning effect from an increased amount of Nb in solution, which could
explain a lower grain growth rate in High Mn steel, corresponds to the earlier
reported data for similar steel compositions [2, 52, 125, 126] .

The results have shown a lower Tnr for the non- Nb steel (900 °C) compared to the
High and Low Mn steels at 975 and 1000 °C respectively. The main reason for this
reduction of the Tnr value is the absence of Nb in the Non-Nb steel. A higher Tnr
value in the Non-Nb steel compared to a plain carbon steel can be explained by the
presence of Ti: as was shown in [28] , Tnr increases with an increase in Ti content.
Nb has been reported as one of the main effective elements in retarding
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recrystallisation through raising the Tnr value, allowing more deformation to take
place in the non-recrystallisation region [14, 18, 19, 59, 127].

It has also been found that Low Mn steel has a higher Tnr and Ar3 compared to the
High Mn one, which is an agreement with the results from Schambron et al [19] for
similar chemical composition and test conditions. The Tnr temperature for Low Mn
steel was raised due to an increase in the volume fraction of Nb carbonitrides, which
retard recrystallisation. A reduction in the Mn content in steel leads to lowering the
activity of C and N, and consequently the solubility of Nb(C,N ) in austenite is
lowered [19]. Moreover, the Ar3 of the Low Mn steel was found to be higher (850
°C) than of the High Mn (800 °C) and Non-Nb (775 °C) steels. Mn is considered to
be one of the austenite stabilisers, which expand the austenite field leading to a
decrease in Ar3 and Ar1 temperatures. Therefore, by increasing the Mn content, the
Ar3 temperature is depressed in the High Mn and C-Mn-Ti steels [14].

4.3.2

Influence of austenitising and deformation temperatures on precipitation
and recrystallisation

Austenite grains were refined after a roughing deformation of 0.35 strain at 1100 C
as a result of recrystallisation. However, a longer time for grains was available on
cooling to 975C for the non- deformed 1250/975 sample, which resulted in a larger
grain size compared to the sample quenched from 1075C. As seen from the SEM
study, Ti was mostly consumed by coarse Ti nitrides and carbonitrides. The Ti-rich
particles were formed upon solidification and remained undissolved during
austenitising in the Gleeble due to a short reheating time. The presence of Ti in Nbrich precipitates raised their solution temperature compared to the Ti-free Nb
carbonitrides [8]. Similar findings were reported for a variety of Nb-containing
thermo-mechanically processed steels [2, 128-131]. It is widely accepted that large
precipitates of a small number density are ineffective for grain boundary pinning
during recrystallisation [2, 125, 132, 133]. Moreover, the remaining Ti precipitated
as TiC, as found by APT in this work (Fig. 4.13c). With a decrease in the finishing
temperature, the relative amount of Nb carbonitrides increased (Table 4.9), due to an
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increase in cooling time (at a constant cooling rate of 1 Cs-1) after roughing. This
correlates well with the observed increase in the number density of Nb atom clusters
and Nb-rich precipitates in the < 70 nm size range (Table 4.9). Before the finishing
deformation no interaction between Nb and C atoms was detected because these
elements were forming their own clusters. After the deformation at 1075 and 975C,
the number density of Nb clusters decreased and the Nb-C clusters increased, which
can be a result of carbon pipe diffusion along dislocations to pre-existing Nb atom
clusters. The Nb cluster, Nb-C cluster, and Nb-rich precipitate number densities
increased with a decrease in the deformation temperature due to an increase in TMP
time (time of cooling from the roughing to the finishing deformation temperature).
This corresponds to the theoretically predicted and experimentally observed
dependences of Nb precipitation kinetics on temperature [134-137].

The recrystallisation kinetics during hot deformation was influenced by two
competing processes: (i) a generation of new dislocations leading to an increase in
the stored energy and formation of a subgrain structure, and (ii) the glide, climb, and
annihilation of the dislocations (recovery). The recovery of austenite was retarded by
both solute Nb atoms and Nb-rich precipitates [138, 139], although recrystallisation
can only be retarded by precipitates of a certain size and volume fraction [124, 132,
133, 140, 141]. Precipitates could play two roles with respect to recrystallisation: (i)
interaction with dislocations during nucleation delaying recovery, and (ii) interaction
with moving grain boundaries [84, 142]. Using a theoretical semi-quantitative model,
Hutchinson et al. [132]

have shown that NbC precipitates 1-5 nm in size are

effective in retardation of recrystallisation for the industrial range of hot rolling
temperatures above 900C, whereas at temperatures below 900C the solute drag
effect might be more important. As observed in the present work, the number
densities of Nb-C clusters and Nb-rich precipitates were low in the samples
quenched prior to deformation at both temperatures of 1075°C and 975°C, which
indicates that a large amount of Nb remained in solid solution after roughing. The
prior austenite grain structure for these TMP conditions was fully recrystallised and
grain growth took place. This indicates that in the studied steel, Nb in the form of
solutes atoms and Nb atom clusters (of 11 atom maximum size and < 4.4 m-2
number density) was unable to prevent recrystallisation and grain growth.
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In the deformed samples the Nb-C clustering / precipitation occurred within 1-2 s
during/after the deformation (time before water quench to room temperature), which
is slightly faster than might be expected from the literature data for similar steel
chemistries [86, 96, 97, 99, 134-136, 143]. This can be explained by the following.
The formation of clusters is preferred at dislocation networks, such as nodes of
dislocations, sub-grain boundaries, grain boundaries and grain corners. The diffusion
of Nb will be faster in these areas due to pipe or boundary diffusion, compared to
volume diffusion. A strain level of 0.75, applied during the second deformation pass
was relatively high, which should lead to high dislocation density values after
deformation, but the rate of dislocation annihilation and mobility of the grain
boundaries increased with an increase in temperature. Therefore, the precipitate
number density observed after 1075°C deformation was not high enough to pin the
grain boundaries effectively and recrystallisation proceeded. With a decrease in the
deformation temperature to 975°C recovery slowed down but simultaneously, an
increase in the Nb cluster size (up to 16 atoms), formation of < 8 nm Nb-C clusters,
and an increase in the number density of the clusters and precipitates took place. As a
result of the cluster/precipitate -grain boundary interaction, recrystallisation was
retarded during deformation at 975°C, which led to a partially recrystallised
microstructure upon quenching.

With a decrease in the deformation temperature to 825°C the cluster density of Nb
increased further, which had to result in an increase in the Nb pinning effect. A high
rate of accumulated dislocation structure, the re-arrangement of which was hindered
by the presence of fine clusters/precipitates, coupled with a reduced driving force for
recrystallisation at low temperature led to the suppression of recrystallisation. It
could be suggested that under these conditions the interaction of clusters (< 8 nm
size) with a dislocation substructure was the main operating mechanism during
deformation and immediately after because there was insufficient time for the straininduced precipitates to grow. This is in disagreement with the model predictions that
solute drag will be a dominant mechanism at temperatures < 900C [132].
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A reduction in the austenitising temperature to 1100°C had its influence on the
recrystallisation kinetics and resultant stress strain curves (Fig. 4.7 and Figs. 4.8d - i),
specifically for lower deformation temperature condition, i.e. at 975°C. Such a
variation in recrystallisation kinetics and stress-strain behavior could be explained
by: (i) a decrease in the rate of grain growth with a decrease in deformation
temperature, and (ii) a decrease in Tnr with a decrease in the austenitising
temperature. An expected decrease in Tnr with a decrease in the austenitising
temperature corresponds to the earlier reported decrease in Tnr with a decrease in
austenitising time [19]. The variation in Tnr obviously follows a variation in the
behavior of Nb as a precipitate or cluster. With a decrease in austenitising
temperature the Nb content in the austenite matrix and the Nb cluster size and
number density all decreased, although the number density of the Nb-C cluster
increased slightly (Table 4.9). These correspond to the observed trend for the Nb-rich
particle number density and can be related to an incomplete dissolution during
reheating. The Nb cluster and Nb-C cluster number density both increased with a
decrease in deformation temperature, which followed the trend for the Nb-rich
particle number density and can be related to an increase in the precipitation time
(time of cooling from the roughing temperature to the finishing deformation
temperature). A partial recrystallisation of austenite grain structure occurred for those
TMP conditions (1250C reheating + 975C deformation) when the matrix was
enriched with Nb, the Nb cluster size and number density showed maximum, the NbC cluster size and number density were close to minimum, and the Nb-rich particle
number density was close to minimum. These may indicate a stronger grain
boundary pinning effect from the Nb / Nb-C clusters in the < 8 nm size range,
compared to the Nb-rich precipitates in the > 20 nm size range.
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Table 4.9 Summary of Nb precipitation and clustering parameters for different TMP
conditions of the High Mn steel.

Austenitising temperature, °C
Deformation temperature, °C
Nb in the matrix, wt %

1100
1075

1250

975

1075

0.002 0.005 0.016

975

825

0.015

0.037

Maximum cluster size, atoms

10

8

12

16

24

Nb
Maximum Guinier radius, nm
clusters

2.1

1.4

1.6

1.7

3.64

Number density, 106µm-3

1.60

2.15

3.19

3.74

7.54

Maximum cluster size, atoms

53

72

92

53

79

Nb-C
Maximum Guinier radius, nm
clusters

3.0

3.6

4.1

3.6

4.3

Number density, 106µm-3

0.20

0.26

0.18

0.19

0.21

Average diameter (2070 nm range), nm

26
±11

22
±09

29
±13

29
±13

32
±15

Number density (20-70 nm
range), m-2

3.13

12.06

2.05

2.75

0.38

10
±4

6
±3

9
±5

Nb-rich
particles

Austenite grain size, m

4.3.3

Partially
Pancaked
recrystallised

Influence of Mn content and deformation temperature on precipitation
and recrystallisation

At a higher deformation temperature (1075°C), there was no difference in the stress
strain curve for both steels (Fig. 4.19) because both experienced DRX, which was
confirmed by the recrystallised austenite microstructures (Figs. 4.20 a and b). On the
other hand, a difference in the stress-strain curve (Fig. 4.19) and the resultant
microstructures (Fig. 4.20 c and d) were observed when the deformation temperature
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decreased to 975°C. As mention earlier (section 4.3.1), a higher solubility of Nb in
austenite, more Nb in the solid solution and a lower particle precipitation temperature
are expected for High Mn steel. Upon cooling to 975°C, this should result in a larger
number of smaller particles (which are more effective for the grain boundary
pinning) in the High Mn steel and a smaller number of larger particles (which are
less effective for the grain boundary pinning) in the Low Mn steel.
The particle analysis (Table 4.10) indicated a “later stage” of particle precipitation in
the Low Mn steel

compared to the High Mn steel, which means that during

processing a much larger amount of Nb precipitated in the form of TiNb(C,N) and
Nb(CN), and only a small amount

of Nb was left in the solid solution. This

corresponds to an expected higher particle dissolution temperature in Low Mn steel
due to a decrease in the solubility of Nb with a decrease in Mn content [2, 124],
and a higher measured value of the recrystallisation stop temperature (c.f. T nr =
1000°C for the Low Mn steel and Tnr = 975°C for the High Mn steel).
Table 4.10 The particle analysis for the High and Low Mn steels
Steel grade

Low Mn

Austenitising temperature, °C

1250

Deformation temperature, °C

975

Nb in the matrix
Particles in the <
70 nm size range

Particles in the >
70 nm size range

Average diameter,
nm
Number density,
µm-2
Average diameter,
nm
Number density,
µm-2

Microstructure

4.3.4

High Mn

High

Low

29

54

2.75

0.53

84

81

0.31

0.67

Partially
Recrystallised

Fully
Recrystallised

Influence of Mn content and the inter-pass time on austenite
microstructure and recrystallisation

Both High and Low Mn steels were subjected to two finishing deformations at 1075
and 1025°C temperatures with corresponding strains of 0.5 and 0.25 and varying
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inter-pass times of 3 and 10 sec. With both schedules the average grain size in the
Low Mn steel was 30 - 50 % smaller than in the High Mn steel (Fig. 4.24). The
selected deformation temperature was very close to the particle dissolution
temperature for similar types of steel, and therefore a strain induced precipitation is
unlikely to occur at these temperatures. The influence of Nb on austenite
recrystallisation at high temperature was considered to be predominantly due to
solute drag [59, 125, 144], and this effect was considered to be especially significant
at low strain levels, short inter-pass times, and high cooling rates [2, 52, 125, 126],
i.e. in those TMP conditions where recrystallisation is likely to take place prior to
precipitation. Because the High Mn steel has more Nb in solution, as mentioned
earlier, its recrystallisation rate was lower than the Low Mn one, which results in a
higher average austenite grain size in the High Mn steel for all schedules, compared
to the Low Mn steel.

The slight grain growth observed with an increase in inter-pass time was attributed to
the lack of Nb precipitation and non-uniform distribution of Nb. During solidification
Nb segregates into the interdendritic regions, which results in an inhomogeneous
solute and distribution of precipitate in the solid. Such a non-uniform distribution of
Nb may lead to a non-uniform grain boundary pinning and development of a bimodal
grain structure [4, 10].
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Fig. 4.24 Effect of inter-pass time increase on austenite microstructure for High and
Low Mn steel.

4.4

Conclusion

1. The grain coarsening temperatures (TGC) for the High Mn ,Low Mn and NonNb steels were determined to be 1150, 1150 and 1200 °C, respectively.
2. As expected, the presence of Nb in both High and Low Mn steel led to an
increase of degrees the non-recrystallisation temperature by >75 degrees
compared to the Non-Nb steel.
3. A lower Mn content is responsible for the increase in both Tnr and Ar3
temperatures, compared to those for High Mn steel, due to its effect on the
solubility and precipitation of Nb.
4. With an increase in the austenitising temperature the grain boundary pinning
effect from Nb solute atoms and precipitates became stronger due to an
increase in the number density of smaller sized particles and clusters.
5. With a decrease in the content of Mn the grain boundary pinning effect from
Nb solute atoms and precipitates became weaker due to a decrease in Nb
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solubility in austenite and an increase in the Nb dissolution temperature and
average particle size.
6. Nb precipitation on pre-existing TiN particles, forms (Ti,Nb)(C,N), decreased
the amount of Nb in solid solution and lowered the number density of
Nb(C,N) precipitates. In the Ti-microalloyed steels, this reduces the grain
boundary pinning effect expected from Nb clustering or precipitation.
7. With a decrease in the deformation temperature, the relative amount of Nbrich precipitates and the number density of Nb-C clusters/precipitates
increased due to a decrease in Nb solubility in austenite, and an increase in
processing time within the precipitation region.
8. Nb-C solute atom co-clusters and fine precipitates in < 8 nm size range were
shown to be effective to partially or fully suppress austenite recrystallisation
at temperatures of 975 °C and 825 °C, which are near and below Tnr for the
studied steel.
9. When the inter-pass time increased, austenite grain growth occurred in the
High and Low Mn steels due to ineffective pinning effect from Nb in
solution and lack of fine precipitates at high deformation temperatures, i.e.
during 1075/1025 schedule.
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Chapter 5
5 DYNAMIC RECRYSTALLISATION:
PROCESSING PARAMETERS AND
MICROSTRUCTURES
5.1

Introduction

In this chapter the flow stress behaviour and evolution of the microstructure of High
Mn steel during thermo-mechanical processing has been studied. A wide range of
different processing parameters (different deformation temperatures, deformation
levels, and strain rates) was considered. From the flow stress curves, the critical
parameters for DRX were calculated and constitutive equations were derived and
used to predict the flow behaviour. Microstructural evolution was studied using both
optical metallography and Electron Backscattering Diffraction (EBSD). Finally, a
DRX map was constructed for this steel composition.

5.2

5.2.1

Results

Analysis of stress versus strain curves

The flow stress curves (-ε) obtained during hot deformation under different
temperatures and strain rates are shown in Figs. 5.1 and 5.2. It is evident that the
flow stress decreased with increasing temperatures. Furthermore, for deformation at
temperatures of 1025C and higher, the flow stress curves showed a peak followed
by a decrease in stress to a constant value. This is indicative of the occurrence of
DRX and transition to a steady state region where work hardening and dynamic
softening are balanced. For samples deformed at 975°C, broadened peaks were
observed without an obvious subsequent decrease, and no steady state conditions
were reached, which indicates slower DRX kinetics. Although from the stress strain
curves for 975ºC conditions the evidence of DRX is not clear; the first and second
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derivatives (Figs. 5.3 and 5.4) are clearly indicating the occurrence of DRX. For
samples deformed at 925ºC, neither a peak or steady stress state were observed and
flow stress was continuously increasing with strain; at that temperature, work
hardening was the dominant mechanism.

(a)

(b)

(c)
Fig. 5.1 True stress versus true strain curves at different temperatures and strain rate
of (a) 0.1s-1, (b) 1 s-1 and (c) 5 s-1 .

In Fig. 5.2 the flow stress curves are plotted as a function of the strain rate for all
deformation temperatures. Similar to a decrease in temperature, an increase in the
strain rate shifted the peak stress to higher strain levels, and the stress values were
increased too. As mentioned previously, for a temperature of 925ºC no peak was
reached for any strain rate, indicating that DRX had not yet started.
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(a)

(b)

(c)

(d)

(e)
Fig. 5.2 True stress-true strain curves at different strain rates and temperature of (a)
1125ºC, (b) 1075 ºC, (c) 1025ºC, (d) 975 ºC and (e) 925 ºC.
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These flow stress curves were used to determine the critical DRX parameters, i.e.
critical and peak strain (c and p) and critical and peak stress (c and p), following
the methodology from Poliak and Jonas [60]. In a first step the work hardening rate
(=/ε), was plotted versus stress for different strain rates, as shown in Fig. 5.3.
Two different regimes can be distinguished. Initially, the work hardening rate
decreases steeply with increasing stress due to dynamic recovery. At higher stresses
there was a change in slope, indicating that an additional softening process was
activated. This second process is DRX, and the inflection point in the curve can be
used to determine the stress at which it was initiated. However, it is not always
possible to detect this inflection point, thus according to [60, 145] the second
derivative (-/) of the stress-strain curve is used (Fig. 5.4).

(a)

(b)

(c)
Fig. 5.3 Work hardening rate as a function of stress for (a) 0.1s-1, (b) 1s-1 and (c) 5s-1
strain rate.
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The inflection point of the work hardening rate curve appears as a minimum in the
second derivative and is much easier to detect. It was used to determine the critical
stress for the initiation of DRX. The critical strain corresponding to the stress value
was then determined from the initial stress-strain curve. These analyses were
performed for all deformation conditions and the obtained critical values for DRX
are listed in Table 5.1.

(a)

(b)

(c)
Fig. 5.4 The second derivative of flow stress for strain rate of: (a) 0.1s-1, (b) 1 s-1, (c)
and 5s-1.
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Table 5.1 DRX processing parameters (note that for 925ºC, DRX had not yet
started).

Critical

Peak

Stress

Stress

(MPa)

(MPa)

(σc)

(σp)

0.21

69.1

75.8

0.18

0.3

102

106

5

0.22

0.35

125

127

1075

0.1

0.13

0.26

83.5

91

1075

1

0.22

0.34

133

136

1075

5

0.25

0.43

149

155

1025

0.1

0.17

0.3

102

109

1025

1

0.24

0.44

146

152

1025

5

0.26

0.49

165

180

975

0.1

0.23

0.46

128

140

975

1

0.25

0.47

159.6

173

975

5

0.27

0.52

190

200

925

0.1

-

-

-

-

925

1

-

-

-

-

925

5

-

-

-

-

Strain

Critical

Peak

Rates

Strain

Strain

(s-1)

(εc)

(εp)

1125

0.1

0.1

1125

1

1125

Deformation
Temperature (°C)

The relationship between critical strain and peak strain can be expressed by the linear
Eq. 5.1 [27] :
(5.1)
where
study

is a constant ranging from 0.6 to 0.8 for different steels [27, 146]. In this
was found to be equal to 0.6.
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5.2.2

Evolution of the microstructure during hot deformation

As mentioned earlier, microstructural observation has been reported as another
important method to study the DRX behaviour of different materials. While it is a
very accurate method and allows direct observation of DRX evolution, it is also very
time consuming, so only one microstructural evolution during deformation at 1075oC
with a strain rate of 5s-1 was analysed in this study. Several samples were quenched
at different stages of deformation corresponding to strain values of 0 (undeformed),
0.25, 0.50 and 0.75, as shown in Fig. 5.5. The initial microstructure prior to
deformation (Fig. 5.5a) consisted of equiaxed austenite grains with an average grain
size of 50±10 µm; a typical as-reheated microstructures for this kind of steel with
TiN precipitations to prevent excessive grain growth. After deformation to a strain of
0.25, which corresponds to the calculated critical strain for initiation of DRX,
nucleation of fine austenite grains in the deformed austenite microstructure was
observed, indicated by arrows (Fig. 5.5b). These newly formed DRX grains
originated at grain boundaries and triple junctions. However, it is clear from this
microstructure that DRX had been initiated even at a lower strain. When the
deformation was increased to the predicted peak strain of 0.5, a higher fraction of
recrystallised austenite grains was observed (Fig. 5.5c), while some areas still
remained non-recrystallised. The recrystallised fraction increased further by
increasing deformation to a strain of 0.75 (Fig. 5.5d), where most of the original
prior austenite grains were replaced by the recrystallised ones. The average grain size
in this condition has reduced to 17±9 µm.
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20µm

(a)

20µm

(b)

20µm

20µm

(c)
(d)
Fig. 5.5 Optical microstructures showing the prior austenite grains after deformation
at 1075 °C, 5 s-1 to different strains of (a) undeformed, (b) 0.25 strain, (c) 0.5 and (d)
0.75.

5.2.3

Recrystallised Microstructure Characterisation

With the samples that deformed to higher levels of strain, it was not always possible
to obtain microstructures using picric etching, so as an alternative, the ARPGE
software [113] was used to reconstruct the prior austenite grains from their
martensitic microstructure. In order to validate this method the results from optical
metallography (picric etching) and EBSD were compared for one sample deformed
to a strain of 0.75. In Fig. 5.6a, the optical image is shown next to the EBSD
orientation map in Fig. 5.6b. As expected for a quenched sample, the microstructure
was fully martensitic. The reconstruction of prior austenite grain structure is shown
in Fig. 5.6c. The calculated average grain size yielded a value of 19±14 µm,
compared to 17±9 µm obtained from the optical micrograph in Fig. 5.6a. Even
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though the calculated value was within 11% error, it did produce comparable results,
although it should be pointed out that the reconstructed map showed fairly jagged
prior austenite grain boundaries. This was a consequence of the relatively coarse step
size of 0.1-0.25 µm used in EBSD mapping. A finer step size would significantly
increase both data acquisition and computing times.

20µm

(a)

(b)

(c)
Fig. 5.6 Analysis of the microstructure of the same sample deformed at 1075 °C,
with 5s-1 to a strain of 0.75. (a)Optical micrograph showing prior austenite grain
boundaries, (b) Inverse Pole Figure (IPF) map and (c) reconstructed prior austenite
grains. Grey lines in (b) are low angle grain boundaries (LAGBs), black lines in (b)
and (c) are high angle grain boundaries (HAGBs).

Having established the ARPGE software as a viable method, five conditions were
analysed. They were selected to study the effects of deformation temperatures and
strain rate on the resultant microstructures. All the reconstructed microstructures are
shown in Fig. 5.7, where it can be seen that the final DRX grain size was coarser for
110

higher deformation temperatures. The average prior austenite grain size increased
from 14±14µm at 1025C (Fig. 5.7a) to 16.5±20 µm at 1125C (Fig. 5.7c) for the
same strain rate, and at the same time the microstructural homogeneity decreased.
Conversely, the grain size decreased from 15± 21 µm (Fig. 5.7d) to 9±18 µm (Fig.
5.7e) when the strain rate increased from 0.1s-1 to 5s-1. In addition, with an increase
in strain rate, the microstructure becomes more homogeneous.

(a)

(b)

(c)

(d)
Fig. 5.7 Prior austenite grain structures
reconstructed from EBSD maps using
ARPEG

software:

(a)

-1

 =0.1s ,

T=1025ºC, (b)  =0.1s-1, T=1075ºC, (c)
-1

 =0.1s ,

T=1125ºC,

(d)

T=1075ºC, (e)  =5s-1, T=1075ºC.
(e)
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5.2.4

DRX Kinetics

To further analyse the deformation behaviour of the studied steel, the critical
parameters of DRX were employed to derive the constitutive equations for hot
deformation. Based on this, it is possible to estimate the relevant parameters in
designing thermo-mechanical processing routes. One important parameter utilised is
the activation energy for deformation Q. It is related to the flow stress and the
Zener-Hollomon parameter (Z) in the following way [146-149]:



 = A sinh 
Z   exp  Q
o
p
RT





n

(5.2)

where Z is the Zener-Hollomon parameter (s-1),  is the strain rate (s-1), Q is the
deformation activation energy (kJ/mol), T is the absolute temperature (K), σp is the
peak stress (MPa) and R is the gas constant (8.314 J/molK). Ao, α, and n are material
dependent coefficients. α and n can be determined from the DRX flow curves at peak
stress by simplifying the Eq. 5.2:

  Asinh  p n

(5.3)

where
Q

A  Ao exp 

RT 



(5.4)

When plotting  vs (sinh αp) (Fig. 5.8), the values of α were chosen to ensure that
the curves are parallel for all deformation temperatures. In this study a value of 0.012
was found to give the best fit. This value is in line with work by Medina and
Hernandez [150]. The power exponent n can then be obtained from the slope of the
fitted curves. Values of 5.1, 4.3, 4.2 and 5.2 were obtained, giving an average n of
4.5±0.5, in line with the studies by Uvira, Fernandez and Xu [27, 151, 152].
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Fig. 5.8 Strain rate as a function of sinh(ασp)

Then, the deformation activation energy (Q) was calculated by taking natural
logarithm of Eq.5.4 and plotting ln(A) vs -1/RT, as shown in Fig. 5.9.



ln A   ln Ao   Q  1RT



(5.5)

The slope of the ln(A) vs -1/RT plot is the deformation activation energy Q, which
was determined to be 418 kJ/mol. This value is in a good agreement with the
reported values for low carbon pipeline steel [50, 149, 152].

Fig. 5.9 Plot of the ln(A) as a function of -1/RT to calculate activation energy.
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5.3

5.3.1

Discussion

Flow curves analysis

DRX is characterised by the occurrence of single or multiple peaks on the flow
stress curve. The flow stress curve is dependent on the materials characteristics and
the deformation conditions. For the range of conditions analysed in this study, only
single peaks were observed.

The results showed the dependency of peak and critical strains/stresses on the
deformation temperature and strain rates. This is a well-known characteristic of DRX
[153]. The effects of temperature on peak strain and peak stress are shown in Fig.
5.10. It is clear that the peak stress and peak strain decreased with increasing
deformation temperature. At high temperatures the mobility of the grain boundaries
increased as well as the mobility of the dislocations. This allowed for DRX to occur
at lower strain levels. Apart from the temperature, the other main factor determining
the grain boundary mobility is the content of Nb. At higher deformation temperatures
it slows the movement of the grain boundary down through the solute drag effect
[154, 155], which then delays DRX by slowing the growth of the grain due to
interference by the segregated Nb atoms with the recrystallising grain boundaries
[59]. Solute Nb also has an effect on the dislocation climb, thus delaying the rearrangement of dislocations. At lower deformation temperatures Nb starts to
precipitate as Nb(C,N) [149]. These fine precipitates restrict the movement of the
grain boundary by pinning. With decreasing deformation temperature, this effect
becomes more pronounced and shifts the initiation of DRX to higher strains. Finally,
below 975ºC no DRX takes place for this steel, as was observed in the flow curves in
Figs. 5.1 and 5.2.

Since Nb has this twofold effect, slowing down the DRX kinetics both in solution
through solute drag, and as Nb(C,N) precipitates by grain boundary pinning, it is
very effective at retarding or even preventing recrystallisation. This is one of the
main reasons why Nb is added to steels subjected to thermo-mechanical processing,
because it allows obtaining a highly strained non-recrystallised austenite
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microstructure. This will cause a higher ferrite nucleation rate upon transformation,
compared to the recrystallised austenite condition, due to the highly effective grain
boundary area and the existence of shear bands in such a deformed microstructure.
This results in refining the ferrite grain and improving the mechanical properties.

(a)
(b)
Fig. 5.10 The effect of temperature at a strain rate of 5s-1 on (a) critical stress/strain
and (b) peak stress/peak strain for DRX.

The strain rate also affects the peak stress and strain, as shown in Fig. 5.11a. For all
deformation temperatures above Tnr, the peak stress and strain both increase with an
increasing strain rate. Increasing the strain rate means that more dislocations are
generated, resulting in a high dislocation density in the microstructure, which
requires higher stress/strain for DRX to occur. Conversely, at lower strain rates there
is more time available for the rearrangement of dislocations, resulting in both lower
critical and peak stress/strains for DRX.

Moreover, this increase in the strain rate has the same effect on the critical stresses
and strains where the critical stress/strain are increasing as the strain rate increases,
as shown in Fig. 5.11b. The value of 0.6 in Eq. 5.1 which correlates the critical strain
and peak strain, and the value of 0.94, which correlates the critical stress and peak
stress are in line with the values of 0.5 and 0.85 respectively, as reported by Poliak
et al. [60] for low carbon Nb microalloyed steel. The difference in values was
attributed to the lesser amount of Nb (0.03 wt %) compared to 0.064 Nb in this steel.
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(a)

(b)

Fig. 5.11 The effect of strain rate on DRX parameters at deformation te perature of
11 5 C (a) pea stress and strain and (b) critical stress and strain.

As mentioned in Section 5.2, the flow curves can be further analysed by
differentiation. The first derivative of the stress-strain curve is the work hardening
rate, which can reveal what softening and hardening processes are at play. Ryan and
McQueen [156-158], for example, reported several changes in the slope of the work
hardening rate versus flow stress curve. They noted two smaller slope changes
followed by a larger one at a higher strain. The first change in slope was associated
with the onset of dynamic recovery (DRV). It is a softening mechanism where the
annihilation and rearrangement of dislocations leads to the formation of dislocation
of the cell structure and sub-grains. However, for materials with a face centred cubic
crystal structure, the DRV is limited due to their low stacking fault energy (SFE)
[159]. Furthermore, the addition of alloying elements, such as Nb and Ti, further
slows down the DRV, making the dislocation climb even harder.

The second small slope change is the point when the formation of sub-grains has
been completed. Both these slope changes are highlighted in Fig. 5.12, where the
work hardening rate curve for the sample deformed at 1075ºC with a strain rate of
5s-1 is plotted. Since recovery is a thermally activated process, it accelerates with
increasing deformation temperature. On the other hand the existence of Nb(C,N)
precipitates slows down the DRV process by pinning the dislocation and preventing
them from moving.

116

The final and larger change in slope in the work hardening rate curve is due to the
onset of DRX. It occurs once the dislocation density reaches a critical limit within
the grains and causes nucleation of strain-free grains. This can clearly be seen in Fig.
5.5b, where small recrystallised grains originate from grain boundaries and triple
junctions. With increasing strain, more grains are recrystallised, Fig. 5.5c leading to
the softening seen in Fig. 5.12.

Fig. 5.12 Work hardening rate vs stress for the sample deformed at 1075ºC and strain
rate of 5s-1.

5.3.2

DRX kinetics

Since DRX is a thermal activation process which is mainly influenced by the stress,
strain rate and the temperature, a hyperbolic sine function is often fitted to relate
these parameters. These can then be employed to derive a relationship between DRX
parameters (peak and critical stresses/strains) and deformation conditions
(temperature and strain rate). The following relationship is suggested to estimate
peak stress as a function of Zener-Hollomon parameter (Z)[152]:

 p  BZ m

(5.6)

By plotting peak strain and peak stress against Z in logarithmic scale, as shown in
Fig. 5.13, the following equations were developed.
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 p  0.0028Z 0.1294

(5.7)

 p  0.8923Z 0.1324

(5.8)

which show a good agreement for Z exponents with available data for Nb steel,
which is in the 0.12-0.22 range [160, 161]. As seen from Fig. 5.13, there is a clear
increase in peak strain and peak stress with an increase in Z. An increase in peak
stress and strain means retardation of DRX, which can be due to the influence of Nb
solute and Nb(C,N) precipitates on the mobility of the grain boundaries, i.e. solute
drag and particle pinning, or for kinetic reasons due to an inhomogeneous
distribution of Nb.

Fig. 5.13 Effect of Z parameter on the peak stress and strain.

The fraction of recrystallised material could be estimated from the flow stress curves.
The deformation temperature and strain rate can directly affect the DRX volume
fraction in the microstructure which can be expressed based on the Avrami model
[162] :

[
where XDRX is the

(

) ]

(5.9)

fraction, ε is true strain, εc is the critical strain and ε* is the

the strain for maximum softening rate during DRX. The strain for the maximum
dynamic softening rate can be obtained by plotting the work hardening rate versus
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strain, as shown in Fig. 5.14, example for a sample deformed at 1125ºC with a strain
rate of 0.1 s-1. The maximum softening rate occurs for the minimum work hardening
rate, i.e. the minimum point in the curve.The curve continues after the minimim point
and reaches zero which is considered to be compeletion of the first DRX cycle. In
this study the ε* values were found to increase with decreasing deformation
temperature and increasing strain rate, as shown in Table 5.2.

Fig. 5.14 Determination of strain at maximum dynamic softening.
Table 5.2 The strain (ε* ) where

axi u

softening rate occurs at different strain

rate and temperature.

Strain Rate (s-1)

Deformation Temperature (ºC)
1125

1075

1025

975

0.1

0.33

0.38

0.42

0.52

1

0.46

0.5

0.58

-

5

0.55

0.75

0.9

1.1

The calculated recrystallised fraction for all strain rates are plotted in Fig. 5.15 for
the different deformation temperatures. The strain required to reach the same amount
of DRX has increased with a decreasing temperature and increasing strain rate. For
the lower deformation temperature, higher strains or a longer time are required for
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DRX to start, and in particular, the strain rate has a large influence on the completion
of DRX.

(a)

(b)

(c)
Fig. 5.15 DRX volume fraction as a function of temperature and strain rate (a) 0.1,
(b) 1 and (c) 5 s-1.

The dynamic recrystallisation map developed from the flow curves analysis is an
efficient way of designing processing parameters and predicting the microstructure.
The DRX map was derived for this steel (Fig. 5.16) in the form of strain vs Z
parameter. In Fig. 5.16, the area where no DRX takes place (i.e. for strains below the
critical strain limit), the area of partial DRX (strains between critical and steady state
strain) and the area of full DRX can be distinguished. Note that the following Eq.
5.10 was used to estimate the steady state strain [159]:
(

)

(5.10)
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Fig. 5.16 DRX map for the High Mn steel.

Depending on the application, it may be desirable to produce a fully or partially
recrystallised microstructure, or a fully work hardened one. For any given
deformation temperature/strain rate combination (i.e. Z-value), the strain to achieve
the desired microstructure can be derived.

5.3.3

Modelling the flow curve

Modeling flow stress curves has been of great interest to researchers due to its
importance in understanding the behavior of deformed materials [163-165]. In order
to compare the theoretical curves with the experimental values, flow stress modeling
was applied to selected conditions at 5 s-1 strain rate for 1125, 1075 and 1025 ºC
temperatures and 1025 ºC deformation temperature for strain rate of 0.1, 1 and 5 s-1 .
The following equations were used [145, 146, 152, 163, 166]:

  


 
   exp 1   

  p 
p   p 

c

(5.11)

where c is a constant. Taking natural logarithm of Eq. 5.11 as following

   
 
 
ln    c ln    1   
 p 
   p    p 
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(5.12)

  
 
 
The constant c can be determined by plotting ln 
vs ln    1  
 
 c    c 
 p 
as shown in Fig. 5.17. The c value increased with increasing temperature and
decreased with increasing strain rate. It was found to be 0.36, 0.30, 0.28 for strain
rates of 0.1, 1 and 5s-1 at 1025°C deformation temperature and 0.23,0.26 and 0.28 for
1025,1075 and 1025°C, respectively at strain rate of 5s-1 .

Fig. 5.17 Plotted curve to find value of constant c.

By using Eq. 5.11, a good estimation of flow stress curves were produced which
correlates well with the experimental stress-strain curves, as shown in Fig. 5.18 for
different deformation temperatures and strain rates. To confirm the validity of the
model for predicting flow stress, the mean error between the calculated and measured
stress was calculated as per the following equation (Eq. 5.13) [167]. The mean error
was found to be within 2% between calculated and measured which confirms the
model validity.

ean Error =

Calculated stress - easured stress
easured stress
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100

(5.13)

(a)
(b)
Fig. 5.18 Measured and calculated flow stress curves for (a) different strain rates and
(b) different deformation temperatures.

5.3.4

DRX microstructures

To fully understand the DRX mechanisms it is best to correlate the flow stress curve
analysis with microstructural observation [168].
The grain size resulting from different thermo-mechanical conditions is clearly
dependent on the deformation temperature and strain rate, as shown in Fig. 5.19. It is
evident that the final DRX grain size increased when the deformation temperature
increased because the mobility of the grain boundary was faster at higher
temperatures [159]. However, the final grain size will be much finer when a higher
strain rate is applied, due to an increase in the dislocation generation and decrease in
the dynamic recovery. Hence, the number of available nucleation sites has increased
in the deformed microstructure and a higher number of nuclei will form, which
means the final microstructure consisting of fully impinged DRX grains has been
acquired faster. Although a higher strain rate directly affects the nucleation rate,
obtaining a fully impinged microstructure requires a high temperature to provide
enough energy for the grain boundaries to migrate. Therefore, at high strain rates and
low temperatures a partially recrystallised microstructure will be obtained.

The steady state grain size during DRX has been reported to be a function of the
strain rate and deformation temperature represented by the Zener-Hollomon
parameter [44]. Under a constant Z condition the average recrystallised grain size
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reaches a stable value once the steady state strain (εss) is reached. In Fig. 5.19, the
DRX grain size is plotted against log Z, and it can be seen that the DRX grain size
has decreased with an increasing Z parameter. The following relationship was
developed to correlate the two:
(5.14)
This is in line with the results from cellular automation (CA) modelling reported in
[169] for the same conditions, even though there are some differences between the
average grain size obtained from modelling and the experiment, as the model (i)
assumed a fully recrystallised microstructure at a steady state, whereas it was
suggested [169] that this is not the case and the evident is clear in the reconstructed
microstructures (Fig. 5.7), and (ii) homogeneous initial microstructure.

Microstructure homogeneity was also reported to be a function of Z, with an
improved homogeneity with higher Z values [149, 159, 170]. This occurs because the
newly recrystallised grains are subjected to higher work hardening due to higher
dislocation accumulation. This leads to the formation of finer dislocation cells,
leading to finer recrystallised grains. However, some inhomogeneity exists as a
result of different recrystallisation rates in different areas of the deformed samples
due to the inhomogeneity of plastic deformation during Gleeble plane strain
compression experiments, and also due to chemical inhomogeneity within the
sample. Both these factors result in a more non-uniform recrystallised
microstructure. Furthermore, if the initial microstructure prior to thermo-mechanical
processing has a mixed grain size, this also influences the DRX behavior. Nucleation
of recrystallised grains will preferably take place in finer grains which contain more
grain boundary area per unit volume, providing more nucleation sites [10].
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Fig. 5.19 The average DRX grain size obtained from EBSD reconstruction. The
grain size values in the experiment were calculated by the average ECD method.

5.4

i.

Conclusions

As expected, the onset of DRX was earlier at lower strain rates or for higher
deformation temperatures.

ii.

The dynamically recrystallised grain size was also found to decrease with an
increase in strain rate and a lowering of the deformation temperature which is
an agreement with previous finding of different researchers.

iii.

The relationships between peak stresses and strains with the Zener-Hollomon
0.1324
0.1294
parameter were determined as  P  0.8923Z
and  P  0.0028Z
,

respectively .
iv.

The study of reconstruction of prior austenite microstructures by using EBSD
mapping has shown a possibility to measure average prior austenite grain
sizes with accuracy of ~ 11%.

v.

The experimental flow curves and those predicted by constitutive modelling
showed a good agreement.

vi.

Based on the DRX critical parameters, the DRX map was derived for this
steel to aid in designing the processing parameters.
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Chapter 6
6 EFFECT OF PROCESSING PARAMETERS ON
FERRITE MICROSTRUCTURE,
PRECIPITATION AND CLUSTERING
6.1

Introduction

In this chapter the results of the effects of processing parameters such as austenitising
temperature, deformation temperature, inter-pass time, and strain on the bimodality
of ferrite grain size are presented for High Mn, Low Mn, and Non-Nb steels.
Selected cases were investigated more thoroughly using SEM and APT to study the
Nb precipitation and clustering.
6.2

6.2.1

Results

A Study of the effects of processing parameters on ferrite
microstructure

In this chapter different TMP schedules were investigated as presented in Fig. 6.1
and Table 6.1.
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Fig. 6.1 Schematic diagram for different TMP routes.
Table 6.1 Processing parameters for TMP schedules.

Steel

Austen.

Strain (ε1)/

Inter-

Strain (ε2)/

Inter-

Strain (ε3)/

Temp.

Temp.

pass

Temp.

pass

Temp.

(RT,ºC)

(F1/ ºC)

time, s

(F2/ ºC)

time, s

(F3 /ºC)

0.5/1075

10

0.25/1025

-

-

-

-

-

-

0.25/ 925

-

-

High Mn

1250

Low Mn

1100

0.75/1075
High Mn

1250

0.75/975
0.75/825

High Mn
Low Mn

1250

High M
Low Mn
Non-Nb

0.5/975

3
10

0.5/975
1250

0.25/975

0.25/925
10

0.25/975

0.5/925
0.25/950
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10

0.25/925

6.2.1.1 Influence of austenitising temperature and Mn content

High and Low Mn steel samples were subjected to two austenitising temperatures
followed by two finishing deformations at 1075 and 1025ºC, as shown in Fig. 6.1
and Table 6.1. The resulting ferrite microstructures and their grain size distributions
are shown in Fig. 6.2. It was noticed that the variation in the austenitising
temperature did not significantly alter the inhomogeneity level in either steel for this
TMP schedule, although after a higher austenitising temperature a low level of
bimodality occurred for both steels, characterised by the existence of two peaks on
their grain size distributions (indicated by black arrows). The corresponding
bimodality parameters are listed in Table 6.2 and show that the Low Mn steel had a
somewhat higher level of bimodality. This was also the case after the lower
austenitising temperature, although the bimodality improved slightly compared to the
higher reheating temperature. Also, the average grain size changed only slightly with
the austenitising temperature with 18±7 µm (High Mn) and 30±10µm (Low Mn) at
1100ºC and 14±10µm (high Mn) and 25+12 (low Mn) at 1250 ºC. It is evident that
the average ferrite grain size in High Mn steel was significantly smaller than that in
the Low Mn steel. This is due to the higher hardenability of the high Mn steel and the
effect of Mn on Nb precipitation discussed below.

50µm

(a)

(Fig continued )
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50µm

(b)

50µm

(c)

50µm

(d)
Fig. 6.2 Ferrite microstructures and their corresponding grain size distributions for
High Mn (a, b) and Low Mn (c, d) steels austenitised at 1250ºC (a, c) and 1100ºC (b,
d).
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Table 6.2 The ferrite grain size bimodality parameters at different austenitising
temperatures for High and Low Mn steels.
Steel

High Mn

Austenitising Temperature,
ºC
Average grain size, µm

1250

Low Mn

1100

1250

1100

15±10 18±7 25±12 30±10

Bimodality

PGSA

35

30

45

30

Parameters

PHR

0.16

0.14

0.44

0.37

6.2.1.2 Influence of deformation temperature on ferrite microstructure of High
Mn steel

The deformation temperature had a significant effect on the microstructure
homogeneity and final grain size. Three deformation temperatures were studied:
1075, 975, and 825ºC, which are well above, near, and well below Tnr, respectively.
The samples were called 1075-600, 975-600 and 825-600. The resulting ferrite
microstructures and grain size distributions are shown in Fig. 6.3. There is an
obvious reduction in average grain size with a decrease in deformation temperature
from 18±7µm for 1075-600 sample down to 6±3µm for 825-600 condition. In
addition, the grain size distribution was changed from bimodal at two higher
temperatures to a nearly uniform fine microstructure at 825-600 condition (Fig. 6.3
and Table 6.3). It is evident that as the deformation temperature decreased the
proportion and size of large grains progressively decreased (Figs. 6.3 a and b), until it
completely disappeared (Fig. 6.3c). This corresponds to the gradual reduction in the
bimodality parameter.

Table 6.3 Average ferrite grain size and bimodality parameters for High Mn steel
subjected to different deformation conditions.
Deformation condition, ºC

1075-600

975-600

825-600

Average grain size, µm

18±11

11±7

6±3

Bimodality

PGSA

20

10

0

Parameters

PHR

0.36

0.31

0
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50µm

(a)

50µm

(b)

50µm

(c)
Fig. 6.3 Ferrite Microstructures and corresponding distribution of sizes after: (a)
1075-600, (b) 975-600 and (c) 825-600 processing schedules.
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6.2.1.3 Influence of inter-pass time

Another relevant factor in the development of microstructure is the time between
passes, if multiple deformations are applied. Two inter-pass times of 3 and 10 s
between finishing deformations were studied, as seen in Fig. 6.1 and Table 6.1. Table
6.3 lists the average grain sizes and Fig. 6.4 shows the resulting ferrite
microstructures and grain size distributions for both steels. It can be seen that the
final ferrite grain size in Low Mn steel (Figs. 6.4c and d) is noticeably finer than the
in High Mn steel (Figs. 6.4a and b) for both inter-pass times, which is related to Nb
precipitation-recrystallisation interaction. Moreover, the Low Mn steel had a much
narrower grain size distribution than the High Mn steel. With an increase in the interpass time from 3 to 10 s the average grain size and the microstructure inhomogeneity
both increased in the High Mn steel. Conversely, with an increase in the inter-pass
time from 3 to 10s a slight grain refinement with no significant difference in
microstructure homogeneity was obtained in the Low Mn steel.

Table 6.4 Average ferrite grain size in the High and Low Mn steels for different
inter-pass time.
Inter-pass time, s
3

10

Steel

Average ferrite grain size (µm)

High Mn

16±8

Low Mn

13±7

High Mn

18±10

Low Mn

10±5

50µm
(Fig continued)

(a)
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50µm

(b)

50µm

(c)

50µm

(d)
Fig. 6.4 Ferrite microstructures and their grain size distributions for High Mn (a, b)
and Low Mn (c, d) steels processed with inter-pass times of 3s (a, c) and 10s (b, d)
between deformations at 975 and 925 ºC.
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6.2.1.4 Influence of the amount of strain and its sequence on ferrite
microstructure

The influence of the finishing strain sequence was studied for High Mn, Low Mn,
and Non-Nb steels. Following austenitising at 1250 ºC and roughing deformation at
1100 ºC, a finishing strain of 0.75 was applied in 2 or 3 passes with different
sequences, but with the same inter-pass time of 10 s (Fig. 6.1 and Table 6.1).

The resultant ferrite microstructures and their corresponding grain size distributions
are shown in Fig. 6.5. There is a clear dependence of microstructural homogeneity on
the strain sequence for the High and Low Mn steels, but the strain sequence had little
effect on the Non-Nb steel. For High Mn steel, strain sequence of 0.25 and 0.50
resulted in a more uniform, albeit coarser microstructure than the reversed sequence,
with average grain sizes of 20.2±9µm (Fig. 6.5a) and 16.5±12 µm (Fig. 6.5b),
respectively. The strain sequence of 0.25/0.25/0.25 seemed to lead to a grain size
distribution that was roughly between the other two sequences.

In contrast, the strain sequence for Low Mn steel of 0.5/0.25 gave the most uniform
microstructure and the finest grain size (16±6 µm versus 23±10 µm and 26.3±9 µm,
see Figs. 6.5 d to f).

In the Non-Nb steel there was no microstructural inhomogeneity but the average
grain size was much larger than the other two steels, with values of 28±7 µm, 25±6
µm, and 29±6 m, see Figs. 6.5 g to i.
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(Fig. Continud)
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(h)

50µm

(i)
Fig. 6.5 Ferrite microstructures and their corresponding grain size distributions for
High Mn (a, b, c), Low Mn (d, e, f) and Non-Nb (g, h, i) steels at strain sequence of
0.5/0.25 (a, d, g), 0.25/0.5 (b, e, h) and 0.25/0.25/0.25 (c, f, i).
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6.2.2

Study on the effect of processing parameters on Nb precipitation and
clustering

6.2.2.1 Influence of deformation temperature

For a further in-depth investigation of the Nb precipitation kinetics as a function of
deformation temperature, the High Mn steel samples 1075-600, 975-600 and 825-600
were analysed using SEM. The SEM imaging revealed the presence of 20 – 170 nm
size precipitates for all three deformation temperature conditions (Fig. 6.6). An EDS
data analysis was used to distinguish various groups of particles:
(i)

coarse particles larger than 70 nm size were predominantly TiNb-rich
of cuboidal or ellipsoidal shape (Figs. 6.7 a, c).

(ii)

fine particles of up to 70 nm size were Nb-rich of ellipsoidal and
spherical shapes (Fig. 6.7b); their composition varied with size, with
smaller particles exhibiting a higher Nb / Ti ratio.

The number density of particles >70 nm decreased and average diameters increased
with a decrease in the deformation temperature, as shown in Table 6.5 and Fig. 6.8.
However the number density of those particles < 70 nm was found to be the highest
after 975-600 and the lowest after 825-600 processing. Very fine particles in the range
of <30 nm in size increased in number as the deformation temperature decreased. In
all cases the particles were non-uniformly distributed through the sample, which
corresponds to the expected Nb segregation in the studied steel. The particle size,
morphology, and chemistry observed in the study corresponded to those reported for
similar steel compositions [130, 131, 171].
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1µm

1µm

(a)

(b)

1µm

(c)
Fig. 6.6 Representatives SEM micrographs of the Nb-Ti rich precipitate in ferrite for
(a) 1075-600, (b) 975-600 and (c) 825-600 TMP conditions.
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(a)

(b)

(c)
Fig. 6.7 SEM images of precipitates and corresponding EDS spectra for (a) coarse
Nb(C,N), (b) fine NbC and (c) coarse TiNb(C,N).
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Table 6.5 Parameters of NbTi-rich particles for three TMP conditions.
Austenitising temperature, °C
Deformation condition, °C
Particle size range, nm

Chemistry, %
Number density, µm-2
Average diameter, nm

1250
1075-600

975-600

825-600

< 70 > 70 < 70

>70

< 70

>70

Nb

100

33

100

75

100

20

TiNb

0

67

0

25

0

80

1.44 0.33 2.23 0.31 1.15 0.22
41
±15

98
±22

34
±14

110
±25

35
±14

103
±26

Fig. 6.8 Size distributions of Nb and TiNb- rich particles.

The existence of very fine particles in Nb microalloyed steels is quite common, and
have a significant influence on recrystallisation and grain growth, and subsequently
on their final microstructure and mechanical properties [2]. Due to the limitations of
SEM in detecting and analysing these particles, 3D-APT was used for the conditions
described above to quantify the shape, size, composition, and distribution of very
fine particles and clusters. The reconstructed atom maps for the main alloying
elements (C, Si, Mn, Nb and Ti) are shown in Fig. 6.9. As seen, in all three
141

deformation conditions the carbon atoms are distributed non-uniformly, forming
clusters, fine precipitates, or segregating to dislocations and boundaries. The
substitutionary elements Si and Mn are uniformly distributed in the analysed volume
(Figs. 6.9 a to c), whereas the carbide forming elements Ti and Nb are non-uniformly
distributed in the analysed volume.

In addition to the 3D atom maps, C iso-concentration surfaces were plotted to better
visualise segregation. As seen, the segregation is higher in the sample of 1075-600
(Fig. 6.9 a), than the samples of 975-600 (Fig. 6.9 b) and 825-600 (Fig. 6.9 c).

To quantify the variations in size and composition the concentration profiles were
obtained across a number of nano-scale clusters/precipitates (Fig. 6.10). The average
size was found to be 5±3 nm and the composition contained 10-30 at % C, 5-15 at %
Nb, and traces of Ti, with the balance being Fe. As the cluster/precipitate size
increased, the Fe atoms were increasingly replaced by solute atoms. However, it
should be noted that this data includes a large number of background noise atoms. A
more precise composition of fine precipitates was obtained using the maximum
separation distance method presented below.

(a)
(Fig continued)
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(b)

(c)

Fig. 6.9 The 2at. % C iso-concentration surfaces and 3D elemental maps for
condition : (a) 1075-600 (85424187 atoms analysed) , (b) 975-600 (32142304
atoms analysed) and (c) 825-600 (16433806 atoms analysed).
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(a)

(b)
Fig. 6.10 Atom maps for: (a) 1075-600 and (b) 825-600 samples, and representative
concentration profiles across selected preciptates (highlighted by black arrows).

For all the deformation conditions, APT showed C-Nb enriched areas in ferrite
matrix (Fig. 6.11). These maps were obtained using the maximum seperation
envelope method [108], the minimum cluster size of 20 atoms, and the maximum
separation between atoms of 1 nm. As seen from Fig. 6.11, the distribution, size, and
composition of Nb-C clusters varied with the deformation condition. At a higher
deformation temperature (Fig. 6.11a) the cluster size (Guinier radius) was
significantly larger than this at the lower deformation temperatures of 975oC (Fig.
6.11c) and 825oC (Fig. 6.11e). The clusters/fine precipitates in all three conditions
were rich in carbon (up to 90 at %), while the Fe concentration was up to 35 at%.
This variation in Fe/C could be associated with the method used, i.e the maximum
separation envelope, which aggressively strips the matrix (Fe) atoms at the
144

particle/matrix interface, thus in very small particles where there is a large surface to
volume ratio there is an overestimation of solute atoms and underestimation of
matrix atoms [172]. Deformation at a higher temperature of 1075oC results in larger
fine precipitates, with sizes of up to 7 nm radius, compared to the lower deformation
temperatures of 975oC and 825oC. As seen in Fig. 6.11a, these coarse arrangements
of Nb-C have clearly defined crystal structure, which is different from the
arrangement of matrix planes. Thus, these are fine precipitates. With a decrease in
the deformation temperature the number density of Nb-C clusters decreases.
Deformation at 975oC showed a higher number density of finer clusters, compared to
the 825oC deformation temperature (Fig. 6.11d and Table 6.6). Some clusters/fine
precipitates were found to show a ratio of 50:50 content of C to Nb which is close to
the equilibrium composition of NbC precipitates.

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 6.11 C-Nb cluster maps and their size / composition dependences for (a, b)
1075-600, (c, d) 975-600 and (e, f) 825-600 sample.
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Table 6.6 Variation in the C-Nb cluster parameters with deformation temperature.

Deformation
condition

C
(at%)

Nb
(at%)

Fe
(at%)

rG
(nm)

cluster size
range
(#atoms)

Number
density (105
µm-3)

1075-600

70.0±6.0 23.0±5.0 6.6±2.2 2.8±1.3

20-580

0.6

975-600

72.8±6.9 24±6.6

20-203

0.5

825-600

66.8±5.4 24.6±5.0 8.0±2.6 2.8±0.6

20-601

0.34

3.1±2

2±0.5

An analysis of the matrix compositions was carried out in the volumes free from any
visible segregation and then compared to the nominal composition. A summary is
given in Table 6.7. There was a significant reduction in the carbon content following
the TMP, compared to the composition of nominal steel.

Moreover, Mn was

depleted in three conditions compared to the nominal composition, which could be
attributed to the formation of a large number of MnS. On the other hand there was an
over enrichment in Si, which could be an APT artifact due to the preferential
retention of Si atoms [108]. In addition to the depletion of C, there was an obvious
depletion of Nb, which is evidence of segregation and precipitation. However, the
degree of C and Nb depletion varied from one condition to another. A slightly higher
depletion of C and Nb occurred for the high deformation temperature schedule, i.e,
1075-600, than for other two deformation temperature schedules.
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Table 6.7 Nominal steel composition and matrix compositions determined by APT
from the volumes free of any visible segregation. Fe is balance.
Element (at. %)
C

Al

V

Si

Mn

Mo

Cr

P

Cu

Nb

Ti

Nominal 0.374 0.076 0.003 0.534 1.213 0.058 0.02 0.022 0.014 0.038

0.024

1075- 0.011 0.088 0.002 0.594 0.879 0.026 0.033 0.050 0.001 0.001 0.001
600 ±0.001 ±0.003 ±0.001 ±0.008 ±0.010 ±0.002 ±0.002 ±0.002 ±0.001 ±0.001 ±0.001
975- 0.015 0.105 0.004 0.651 0.582 0.040 0.033 0.046 0.006 0.009 0.003
600 ±0.001 ±0.002 ±0.001 ±0.004 ±0.004 ±0.001 ±0.001 ±0.001 ±0.000 ±0.001 ±0.001
825- 0.017 0.092 0.002 0.623 0.725 0.075 0.028 0.020 0.004 0.002 0.002
600 ±0.001 ±0.003 ±0.001 ±0.007 ±0.007 ±0.002 ±0.001 ±0.001 ±0.001 ±0.001 ±0.001

6.2.2.2 Influence of inter-pass time

Further investigations were performed to assess the dependence of Nb precipitation
kinetics on the inter-pass time and Mn content using SEM imaging and SEM-EDS.
For the High and Low Mn steels, the samples deformed at 975ºC and 925 ºC with
inter-pass times of 3 and 10 sec were studied. Separate analyses were performed for
the large ferrite grain and small ferrite grain areas. The Nb segregation and its
possible influence on the microstructural homogeneity were assessed. The SEM
imaging revealed the presence of cuboidal, spherical, and ellipsoidal 20-150 nm
precipitates for all the conditions studied (Figs. 6.12 and 6.13). The SEM-EDS has
shown particles in the > 70 nm size range to be TiNb(C, N) (Fig. 6.14a), Nb(C, N)
(Fig. 6.14b) and NbC (Fig. 6.14c); while particles in the < 70 nm size range to be
mainly NbC (Fig. 6.14d).

For the TMP schedules that were studied, a variation in the inter-pass time led to an
opposite trend in the precipitation kinetics for the large and small grain areas in both
High Mn and Low Mn steels (Table 6.8, Fig. 6.15). It was found that with an
increase in the inter-pass time the number density of particles < 70 nm increased in
the large grain areas and decreased in the small grain areas, while the number density
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of particles >70 nm was lower in the large grain areas and higher in the small grain
areas.
In the Low Mn steel the particle number density was 12 – 35 times higher and the
average particle size in the < 70 nm size range was 1.5 – 2.0 times smaller compared to
these in the High Mn steel (Table 6.8). On the other hand, the average particle
diameter in the > 70 nm size range did not show a dependence on the steel composition
and processing schedule.

1µm

1µm

(a)

(b)

1µm

1µm

(c)

(d)

Fig. 6.12 Representative SEM micrographs for the (a, c) large and (b, d) small grain
size areas for the High Mn steel processed with (a, b) 3 se and (c, d) 10 s inter-pass
time.
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1µm

1µm

(b)

(a)

1µm

1µm

(d)

(c)

Fig. 6.13 Representative SEM micrographs for the (a, c) large and (b, d) small grain
size areas for the Low Mn steel processed with (a, b) 3 s and (c, d) 10s inter-pass
time.
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(a)

(b)

(c)

(d)

(e)
Fig. 6.14 Typical SEM micrographs and corresponding EDS spectra of a coarse a)
TiNb(CN), b) Nb(CN), c) NbC and d) fine NbC particle; (e) a spectrum of the ferrite
matrix.
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Table 6.8 Parameters of the Nb and TiNb-rich particles measured in ferrite.

Inter-pass time, s

3

10

Deformation temperature,
°C

Large grains Small grains

Large grains Small grains

< 70

< 70

Particle size range, nm

>70

< 70

>70

Steel grade
Number density, m

>70

< 70

>70

0.19

0.34

0.33

High Mn
-2

Number density, m-2
Average diameter, nm

0.64

0.41

0.54

1.05
38
±13

0.17

0.71

105
±26

35
±13

Number density, m-2
Average diameter, nm

1.03

96
±24

Steel grade
Number density, m-2

0.84

37
±13

91
±18

0.67
47
±14

93
±17

Low Mn
12.07 0.54 16.97
12.61
26
±10

0.16

17.13

87
±17
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22
±7

97
±25

17.24

0.42 12.01 0.96

17.66
21
±6

87
±18

12.97
22
±8

97
±22

(a)

(b)

(c)
(d)
Fig. 6.15 Particle diameter distribution for the (a, b) High Mn and (c, d) Low Mn
steels with (a, c) 3 s and (b, d) 10 s inter-pass time.

6.3
6.3.1

Discussion
The influence of austenitising temperature and Mn content on ferrite
homogeneity

Slightly finer ferrite grain sizes were obtained after deformations at 1075 and 1025
ºC and a high austenitising temperature of 1250ºC, but the microstructure was less
homogeneous. It is well known that the ferrite grain size depends on the prior
austenite grain size [8, 16]. In contrast to this, a uniform microstructure consisting of
fine austenite grains occurred after austenitising at 1100ºC (Chapter 4.2.1). This is in
line with earlier studies on Nb-microalloyed steels [4, 33, 120, 173, 174]. The main
reason for this is a variation in the particle precipitation with temperature, where
particles do not completely dissolve at a lower austenitising temperature and almost
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completely dissolve at a higher temperature, both of which influences the grain
boundary pinning effect [16, 120].

During and/or after deformation the microstructure is subjected to recrystallisation
and Nb precipitation takes place, both of which are a function of time and
temperature [3, 16]. Nb can be present either as a solute or in the form of Nb(C,N)
precipitates, and it can act in either form to retard recrystallisation and grain growth
[2]. Following austenitising at 1250ºC entire Nb was expected to be in solution. Nb
precipitation is unlikely to occur at higher deformation temperatures of 1075 ºC and
1025 ºC and solute drag is the main mechanism. However, the effect of solute drag
was too weak to prevent the completion of recrystallization. At a the lower
austenitising temperature of 1100ºC some coarse Nb(C, N) precipitates were
expected to remain undissolved, leading to a lower content of Nb solute. More Nb in
solution helps to limit grain growth [175], which results in a finer ferrite grain upon
transformation. On one hand the precipitates which originated during casting and
remained undissolved at lower austenitising temperature, were coarse and ineffective
at retarding either recrystallisation or grain growth [174].

The inhomogeneity was slightly reduced after austenitising at a lower temperature.
As the inhomogeneity in ferrite depends on that in austenite, a fine and uniform
microstructure after reheating promotes a more homogeneous ferrite microstructure,
whereas a non-uniform austenite grain structure tends to develop into a more
inhomogeneous ferrite microstructure. That is the main reason for an increased level
of ferrite microstructure inhomogeneity after austenitising at a higher temperature.

The final average ferrite grain size in Low Mn steel was larger by more than one
order of magnitude than that in the High Mn steel at both austenitising temperatures.
As the solubility temperature of Nb has increased by lowering the content of Mn
[101, 139, 176], it was possible to expect more coarse particles in the Low Mn steel
than the High Mn steel. Less Nb in solution in Low Mn steel compared to High Mn
steel weakened the overall pining force on the grain boundaries and allowed the grain
to growth.
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6.3.2

Influence of deformation temperature on precipitation, clustering and
homogeneity

The level of microstructural inhomogeneity was higher in the 1075-600 condition
(Fig. 6.3a, Table 6.3) than the 975-600 (Fig. 6.2b, Table 6.2) and 825-600 (Fig. 6.2c,
Table 6.2) ones, due to the final ferrite grain structure being dependant on the prior
austenite grain structure. When deformation takes place at 1075 ºC, most of the Nb is
in solution and there is little chance for strain induced precipitation because of quick
dislocation annihilation at the high temperature. However, upon cooling to a coiling
temperature of 600 ºC, static precipitation can occur, which results in the large
number density of coarse particles > 70 nm and coarse Nb clusters of 7 nm radius
(Fig. 6.11 and Table 6.6). This precipitation is inhomogeneous, as was shown in
section 6.2.2.1, and leads to the development of an inhomogeneous ferrite grain
structure.

A more homogeneous microstructure was obtained for the lower deformation
temperature schedule of 825-600 (Fig. 6.3c). As the deformation temperature of 825
ºC was below the Tnr, the formation of pancaked grain structure, deformation bands
and dislocation substructure took place. This led to a significant increase in the
number of nucleation sites for ferrite grains upon transformation. At the same time,
very fine clusters and precipitates were formed, which could help to prevent grain
growth prior to ferrite transformation.

Less homogenous microstructure occurred after 975-600 processing, as shown in
Fig. 6.3 b. The temperature of 975 ºC is near Tnr (see section 4.2.2), which leads to
partial recrystallisation upon deformation, one of the major reasons for
microstructural inhomogeneity upon cooling to room temperature [16, 177]. The
uncrystallised austenite grains were reported to be significantly richer in Nb
precipitates/clusters compared to the recrystallised grains [10]. Due to a lower cluster
and particle number density, the already recrystallised austenite grains are likely to
recrystallise again, while the un-recrystallised grains remain pancaked. This duplex
austenite microstructure results in a bimodal ferrite microstructure.
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It is well known that Nb precipitation can occur in both the austenite and ferrite
phases [3, 91, 102, 178], and it is crucial to know in which phase it occurs because
this allows the influence of Nb on austenite recrystallisation and ferrite strengthening
to be predicted. The Ar3 temperature of the High Mn steel was found to be 775ºC in
section 4.2.2, so after finishing deformation the samples were cooled at 1ºCs-1 and
then quenched from 800 ºC to ensure they were in the temperature region of
austenite. Three samples deformed at 1075, 975, and 825ºC were analysed and then
designated as 1075-800Q, 975-800Q, and 825-800Q. Advanced characterisations of
precipitates and clustering were performed using SEM and APT. Representative
SEM micrographs are shown in Fig. 6.16 for the samples quenched from 800ºC and
compared to slowly cooled and isothermally held at 600 ºC. Precipitation analyses
for both quenched and coiled conditions are shown in Fig. 6.17 and Table 6.9. It was
found that a significant amount of precipitation occurred in ferrite upon cooling
rather than in austenite, as indicated by a variation in the volume fractions of
precipitates in ferrite and austenite (Table 6.9). The slow cooling rate of 1ºCs-1
following deformation that leads to a longer cooling time for the 1075ºC deformation
temperature to 800ºC, allowed some precipitation to take place, but less than for the
975-800Q and 825-800Q schedules. Consequently, a large proportion of Nb will
stay in solution in austenite [2] and precipitate in ferrite on cooling. This Nb
precipitation in ferrite leads to precipitation hardening [2, 91, 178].

In contrast, for the low deformation temperature of 825 ºC most precipitation was
strain-induced in austenite, so there is a significantly larger amount of fine
precipitates in this condition than in 1075-800Q sample (Fig. 6.17 c and Table 6.9).
At the intermediate deformation temperature of 975ºC precipitation occurred in
austenite as well as in ferrite. Some strain induced precipitation took place after
deformation but coarsened on cooling to 800 ºC, unlike the 825-800Q condition
where there was less time and the driving force for strain-induced precipitation was
higher at lower temperatures [94]. In the 975-800Q condition there was both static
(cooling from 1100 to 975ºC) and strain-induced precipitation (after deformation at
975ºC), so more Nb was consumed by precipitation in austenite for the 975-800Q
and 825-800Q samples than for the 1075-800Q samples (Table 6.9).
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Nb

TiNb
1µm

(a)

1µm

1µm

(b)

(c)

1µm

1µm

1µm

(d)
(e)
(f)
Fig. 6.16 Representative SEM images of TiNb- and Nb-rich precipitates for the six
studied TMP schedules: a) 1075–800Q, b) 975–800Q, c) 825–800Q, d) 1075–600, e)
975–600, f) 825–600.

(a)

(b)

(c)
Fig. 6.17 Precipitation distribution sequence at different deformation temperature
of 1075ºC (a), 975 ºC (b) and 825 ºC (c).
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Table 6.9 Variation in the NbTi-rich particle parameters with a TMP schedule.

Finishing temperature, °C

800 (austenite)

Deformation temperature, °C
Particle size range, nm

1075

975

825

< 70

>70

< 70

>70

< 70

>70

100

29

100

77

100

20

0

71

0

23

0

80

Number density, m-2

0.36

0.20

0.31

0.31

0.93

0.23

Average diameter, nm

41
±18

93
±22

41
±18

117
±31

31
±14

109
±33

5.8

11.98

4.83

35.75

8.42

22.98

Chemistry, %

Nb
Ti-Nb

Volume fraction(10-4)*

17.78

Finishing temperature, °C

31.4

600 (ferrite)
100

33

100

75

100

20

0

67

0

25

0

80

Number density, m-2

1.44

0.33

2.23

0.31

1.15

0.22

Average diameter, nm

41
±15

98
±22

34
±14

110
±25

35
±14

103
±30

21.24

25.8

23.92

31

Chemistry, %

Nb

40.58

Ti-Nb

Volume fraction(10-4)*

47.04

54.92

13.04 19.47
32.51

Variation in volume
fraction between ferrite
29.26
14.34
1.11
and austenite
* The area fraction of particles, measured using SEM imaging, can be assumed to be
equal to the volume fraction of particles for the high number of particles studied in
this work

C-Nb clustering/fine precipitations were characterised by APT. Maximum distance
of 1nm was used between the atoms belonging to the feature of interest containing a
minimum of 20 atoms, for analysis using the maximum separation method [108, 179]
of 1075-800Q, 1075-600, 825-800Q, and 825-800 conditions. C-Nb maps depicting
clusters/fine precipitates are shown in Fig. 6.18, and their analyses are presented in
Fig. 6.19 and Table 6.10. The number density and size of the Nb-C clusters increased
from the 1075-800Q to 1075-600 condition (Table 6.10). It should be noted that
although some limited clustering was detected in deformed austenite after quenching
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from 1075°C when a 1.5nm maximum separation distance was used (see Chapter 4)
to indicate a non-random distribution of Nb and C atoms, analysis with 1nm distance
for comparison with all other conditions yielded no clusters. This increase in number
density from 1075-800Q to 1075-600 indicated that most clustering /fine
precipitation occurred in ferrite for 1075 ºC as the diffusion rate and driving force for
precipitation in ferrite is larger than in austenite [2, 3].

In contrast, 825 ºC is low deformation temperature and most Nb was consumed by
strain-induced precipitation formation in austenite which is confirmed by increase in
number density on cooling from 825 to 800 ºC (Table 6.10). Less Nb was left for
clustering/precipitation in ferrite compared to 1075 ºC condition and drop in number
density of clusters/fine precipitates in 825-600 condition is most likely due to the
growth of clusters formed in austenite into precipitates upon slow cooling. These
results are consistent with those from SEM analysis.

(a)

(b)

(c)

(d)

Fig. 6.18 Selected atom maps of C-Nb clusters in : (a) 1075-800Q, (b) 1075-600, (c)
825-800Q and (d) 825-600 samples. The matrix atoms were suppressed with the
maximum separation method with dmax=1 nm.
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(a)

(b)

Fig. 6.19 Cluster/fineprecipitates size distribution after deformation temperature of:
(a)1075 ºC and (b) 825ºC upon quenching and coiling simulation at 600 °C .

Table 6.10 Characterisation of C-Nb clusters/fine precipitates after different TMP
schedules.

6.3.3

Processing

C
(at.%)

Nb
(at.%)

Fe
(at.%)

rG
(nm)

Cluster
size
range
(#atoms)

Number
density
(105
µm-3)

1075800Q

84.4
± 8.7

8.1
± 5.1

5.3
± 4.3

1.7
± 0.2

20-31

0.12

1075-600

70.0
± 6.0

23
± 5.0

6.6
± 2.2

2.8
± 1.3

20-580

0.6

825

83.2
±7.2

15.7
±7

1.1
± 1.1

2.3
± 0.2

23-28

0.4

825-800Q

67.5
± 7.2

27.8
±7

4.6
± 2.4

2.3
± 1.1

20-758

0.6

825-600

66.8
± 5.4

24.6
±5

8.0
± 2.6

2.8
±1

20-601

0.34

Influence of inter-pass time on precipitation and microstructural
homogeneity

An increase in inter-pass time from 3 s to 10 s between the deformations at 975
and 925ºC with a strain of 0.5 and 0.25, respectively, led to opposing trends in the
precipitation kinetics for large and small grain areas for both High Mn and Low Mn
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steels (Table 6.8, Fig. 6.15). With an increase in inter-pass time, the number density
of particles < 70 nm increased in the large grain areas due to precipitation of new
particles, and decreased in the small grain areas due to the growth and coalescence of
the particles precipitated earlier. This indicates that in the large grain areas there was
an earlier stage of precipitation and a later stage of precipitation in the small grain
areas. A direct measurement of Nb content in the matrix was not performed, however
such a variation in precipitation kinetics between the large and small grain areas may
indicate a larger Nb content in the small grain areas (which enhances precipitation)
and less Nb in the large grain areas (which delays precipitation). This variation in Nb
content would lead to a variation in the grain boundary pinning effect and formation
of small size grains where Nb content is higher, and large grains in the Nb depleted
regions. In the Low Mn steel the number density of the particles was observed to be
12–35 times higher than that in the High Mn steel, and the average size particle in the
< 70 nm range was some 1.5–2.0 times smaller (Table 6.7). This can be explained by
the higher Nb dissolution temperature in the Low Mn steel due to a reduced Nb
solubility with a lower Mn content [19, 176]. Thus, for the same TMP schedule the
time for precipitation was longer for Low Mn steel than for the High Mn steel [2, 86,
96, 97, 99, 134, 143], which leads to a higher particle number density. The Nb content
in the ferrite matrix shows an opposite trend to the particle number density such that in
the High Mn steel the matrix is richer in Nb than in the Low Mn steel.

The lowest level of inhomogeneity of the ferrite grain structure was observed for
those steel composition / TMP conditions which resulted in the highest density of
particle numbers < 70 nm and a reduced Nb content in the matrix, i.e. the Low Mn
steel processed at an increased inter-pass time (decreased cooling rate) (Table 6.8).
This can be explained by the variations in the grain boundary pinning effect with the
size of the Nb precipitates which are strong enough to retard grain growth and lead to
a reduced level of inhomogeneity.

In the High Mn steel a lower level of

inhomogeneity and a lower average ferrite grain size were observed for a decreased
inter-pass time (increased cooling rate). This can be related to a decrease in the rate
of grain growth and an increase in the number of ferrite nucleation sites (dislocation
density) with a decrease in temperature.
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6.3.4

Influence of strain sequence on ferrite homogeneity

A dependence of the grain structure inhomogeneity on the strain sequence was
observed and presented in Fig. 6.5. As shown, the final ferrite microstructure is a
result of the interplay of recrystallisation and precipitation rates. The level of
inhomogeneity in the High Mn steel was higher than that in the Low Mn steel,
irrespective of the strain sequence. This is a consequence of deformation in the
partial recrystallisation region for the High Mn steel, which was reported to increase
inhomogeneity [16, 177].

For the High Mn steel, a slightly finer ferrite grain size was obtained with low
microstructural inhomogeneity level when a higher strain of 0.50 was applied at
975ºC, which is just near Tnr, thus allowing the occurrence of dynamic
recrystallisation (DRX). If a strain of only 0.25 is applied the DRX cannot be
completed, which results in a partially recrystallised austenite microstructure and a
bimodal ferrite grain size distribution upon cooling.

A higher deformation below Tnr leads to a finer ferrite grain size [8, 16], which was
the case for the Low Mn steel. A higher applied strain leads to a larger grain
boundary area and higher density defect substructure, which results in an increase in
the number of nucleation sites for ferrite grains. An enhanced precipitation is also
promoted by the amount of deformation, via an increase in the density of crystal
defects (dislocations, shear bands) which act as nucleation sites for precipitation [95,
102]. These precipitates help to prevent grain growth prior to ferrite transformation,
and therefore a more homogeneous and finer ferrite microstructure resulted when a
larger strain was applied first.

In the Non-Nb steel there was no microstructural inhomogeneity, but the average
grain size was about 2 times larger than those in the High Mn and Low Mn Nbmicroalloyed steels. It is well known that Nb is a very effective element for grain
refinement because Nb solute atoms and precipitates pin the grain boundaries and
retard grain growth [2]. Nb also increases the hardenability, allowing for a larger
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degree of undercooling to occur, which leads to a higher number of nucleation sites for
ferrite grains. However, Nb segregates into the interdendritic regions during
solidification [11, 180] , causing an inhomogeneous solute and precipitate distribution
which can lead to non-uniform grain boundary pinning and non-uniform
recrystallisation kinetics. This typically results in a bimodal grain structure (on optical
images observed as areas of large and small grains and this work) [4, 10, 39]. In the Nb
free steel this does not occur, which is the reason for the uniform grain size
distribution.

6.4

Conclusion

i.

As was shown here, the homogeneity of final (ferrite) microstructure
is mainly dependant on the austenite microstructure homogeneity
prior to transformation and on the processing parameters (such as the
austenitising and finish deformation temperatures, amount of strain,
inter-pass time), which is consistent with previous studies.

ii.

A decrease in the reheating temperature and Mn content were shown
to reduce the inhomogeneity of ferrite grain structure after
deformation at higher temperatures (above Tnr).

iii.

When deformation is carried out in the DRX region where no or
limited strain-induced precipitation takes place, more Nb is available
for precipitation strengthening in ferrite. On the other hand, when
deformation occurred below Tnr, strain induced precipitation takes
place and consequently less Nb is available for precipitation
strengthening in ferrite.

iv.

Nb solute drag only cannot effectively stop austenite recrystallisation,
especially at elevated temperatures, and therefore a particle
precipitation is required to retard recrystallisation. The most effective
particle size was identified to be below 20 nm, which corresponds to
the earlier reported results.

v.

In the case of Nb segregation (variation in the local Nb content), the
inhomogeneity of the final ferrite grain structure increases with an
increase in strength of the grain boundary pinning effect, i.e. with an
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increase in the number density of small (< 8 nm) clusters/fine
precipitates.
vi.

The ferrite microstructure homogeneity can be improved if the
austenite recrystallisation is allowed to complete and the austenite
grain growth is prevented prior to ferrite transformation.

vii.

The ferrite homogeneity was improved by a reduction in the
deformation temperature as a result of: (i) an increase in straininduced precipitation rate and clustering leading to the suppression of
recrystallisation and later of grain growth; (ii) an increase in the
number of ferrite nucleation sites due to increase of both grain
boundary area and intragranular defects, such as deformation shear
bands and twins.

viii.

The inter-pass time values were shown to have a minor effect on the
inhomogeneity of ferrite grain structure for both High and Low Mn
steels.
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Chapter 7
7 DEVELOPMENT OF PROCESSING
TECHNOLOGY TO IMPROVE
MICROSTRUCTURE HOMOGENEITY
7.1

Introduction

In all industrial processing the properties of the end product must be tailored to suit
the requirements; with pipeline steel, they are mainly a combination of high strength
and good low temperature toughness, and the only way to improve these properties is
to refine the grains.

It is crucial, however, that the resultant microstructure is

homogeneous, i.e. consisting of uniformly fine grains because variations in the
processing parameters, such as the austenitising temperature, amount of deformation,
deformation temperature and cooling rate between rolling stages, has a significant
influence on the microstructure homogeneity, as was shown in the previous chapters.

Based on previous chapters, in this chapter four different TMP routes, all consisting
of multiple schedules, are proposed for the High and the Low Mn steel in order to
improve homogenous grain size distribution. All the schedules were carried out using
Gleeble plain strain compression tests. Optical microscopy of the final ferrite
microstructures was undertaken. Effects of Nb precipitation kinetics and
recrystallisation behaviour are discussed.

7.2

The Proposed Processing Schedules:

The schematic diagram and processing parameters for the proposed routes are in Fig.
7.1 and Table 7.1, respectively.
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Fig. 7.1 Schematic diagram for different TMP routes.

Table 7.1 Different processing parameters for all four TMP routes.

Austenitising

Cooling

Strain

Cooling

Strain

Temperature

rate

,Temperature

rate

,Temperature

(RT,ºC)

(CR1,ºC/s)

(ε1 ,F1 ºC)

(CR2,ºC/s)

(ε2 , F2 ºC)

1

1100

1

0.5, 975

1

0.25, 825

2

1100

60*

0. 5, 975

1

0.25, 825

3

1250

1

0. 5, 975

60

0.25, 825

4

1250

1

0. 5, 975

1

0.7, 825

Route

*Hold for 120s prior to F1

7.2.1

Development Route 1: Low Austenitising Temperature – slow cooling
between finishing deformations

As stated earlier (Section 4.2.1), two austenitising temperatures were investigated,
1250 and 1100°C, and in Route 1 the High and Low Mn steels were austenitised and
deformed, as presented in Fig. 7.1 and Table 7.1. As the grain size distribution in Fig.
7.2 shows, a wider range of grain sizes and a separate peak of coarse grains are
present in both High and Low Mn steel at higher austenitising temperatures whereas
the degree of homogeneity was improved at lower austenitising conditions. After
high temperature austenitising, there was a small percentage of coarser grains in the
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range of 18 to 23 m (Figs. 7.2b and d) in both steels that resulted in a secondary
peak, although the grain size ranges were narrowed showing unimodal grain
distribution at low austenitising temperature (Figs. 7.2 a and c) for the High Mn and
Low Mn steels.

50µm

(a)

50µm

(b)

50µm

(c)
(Fig continued)
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50µm

(d)
Fig. 7.2 Ferrite microstructure and corresponding grain size distributions for High
Mn (a, b) and Low Mn (c, d) steels at lower (a, c) and higher (b, d) austenitising
temperature.

In Table 7.2 the values of the two parameters that determine the level of bimodality
are shown. The grain distribution in both steels is uni-modal at the lower
austenitising temperature, with values for Peak Grain Size Ratio (PGSR) and Peak
height ration (PHP) of zero, but at the higher austenitising temperature there is some
level of bi-modality for both steels. This can also be seen in Figs. 7.2b and d.

Table 7.2 Values of bimodality parameters after processing at high and low
austenitising temperatures for High and Low Mn steels.

Austenitising temperature, °C

High Mn

Low Mn

PGSR PHP PGSR PHP
1250

16

0.03

12

0.07

1100

0

0

0

0
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7.2.2

Development Route 2: Accelerated Cooling after Roughing – Holding
before F inishing deformation

As a further improvement of Route 1, the cooling rate between roughing (R) and the
first finishing deformation (F1) was increased to 60°C/s, followed by a 120s hold
prior to deformation, as seen in Fig. 7.1 and Table 7.1.

As mentioned earlier, the Non–Nb steel had a homogenous microstructure regardless
of the TMP cycle. In Fig. 7.3 the grain size distribution of this steel, processed with
route 2 is shown and compared to the High Mn steel. While both the High Mn steel
(Fig. 7.3) and the Non-Nb steel (Fig. 7.3b) show a uniform grain size distribution, the
non-Nb steel microstructure has a larger average ferrite grain size of 18 ± 6 µm
compared to 13 ± 5µm for High Mn steel. As was explained, this is due to absence of
precipitates that could restrict ferrite grains growth following transformation.

50µm

(a)

50µm

(b)
Fig. 7.3 Ferrite microstructures and their corresponding grain size distributions after
processing following with Route 2 for high Mn (a) with Non-Nb(b) steels.
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7.2.3

Development Route 3: low finishing deformation temperatures

From the previous processing Routes 1 and 2, the microstructure homogeneity was
improved when the austenitising temperature was lowered from 1250°C to 1100°C.
However, at higher austenitising temperatures the microstructure homogeneity
improved when the finishing deformation temperatures were lowered from 1075 to
975°C and the cooling rate between the finishing deformations was increased from 1
to 60°C/s. Fig. 7.4 shows the microstructures of samples of both steels processed
according to Route 3 (Table 1) and their corresponding grain size distributions. At
higher deformation temperatures sequence 1075/825 (Figs. 7.4a and c), the second
peak of grain size distributions for both steels shifted towards coarser grains
compared to the lower deformation temperature, indicating a higher degree of
inhomogeneity.

50µm

(a)

50µm

(b)
(Fig continued)
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50µm

(c)

50µm

(d)
Fig. 7.4 Ferrite microstructure and corresponding grain size distribution for High Mn
(a, b) and Low Mn (c, d) steels after deformations at 1075/825ºC (a, c) and
975/825ºC (b, d) temperatures.

By lowering the finishing deformation temperature, i.e 975/825 ºC, the homogeneity
has improved, as seen in Figs. 7.4 b and d for High and Low Mn steels, respectively.
In both conditions the grain size distributions have bimodality but with a noticeable
improvement when the finishing deformation temperatures were lowered. The level
of bimodality is shown in Table 7.3. The PGSR has been reduced from 20 to 14 for
High Mn and from 18 to 12 for Low Mn steels. However, the overall microstructure
was coarser compared to the ones after Routes 1 and 2.
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Table 7.3 Values of bimodality parameters for High and Low Mn steels subjected to
Route 3 processing

High Mn

Finishing deformation
temperatures (F1/F2)

7.2.4

Low Mn

PGSR PHP PGSR PHP

1075/825

20

0.4

18

0.5

975/825

14

0.4

12

0.5

Development Route 4: Increased Strain below Tnr

The Tnr was determined to be 975 and 1000°C for High and Low Mn steels,
respectively (see Chapter 4.22). In this Route 4, as shown in Fig. 7.1 and Table 7.1,
the strain was increased in the second fishing deformation. The resulting
microstructures for High and Low Mn steel and their corresponding size distributions
are shown in Fig. 7.5. It can be seen that by increasing the strain microstructures
were refined with an average ferrite grain size of 6±4 µm (Fig. 7.5b) and 8±5 µm
(Fig. 7.5d) for High and Low Mn steels, respectively. Moreover, the homogeneity
was improved, as seen from the final microstructures and their grain size
distributions. The grain size distribution is unimodal in the condition subjected to
higher strain (Figs 7.5b and d) compared to the lower strain ones (Figs 7.5 a, and c),
which have a second peak that corresponds to coarse grains.

50µm

(a)
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(Fig continued)

50µm

(b)

50µm

(c)

50µm

(d)
Fig. 7.5 Ferrite microstructure and their corresponding grain size distributions for
High Mn (a, b) and Low Mn (c, d) with final finishing deformation strain 0.5 (a, c)
and 0.7 (b, d).
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7.3
7.3.1

Discussion
Development route 1:

low austenitising temperature – slow cooling

between finishing deformations

Austenitising at a temperature of 1250ºC is well above the dissolution temperature of
niobium carbonitride for the studied steel, so if it is reheated to this temperature there
is a high amount of solute Nb present [2, 3, 80]. This greatly increases the austenite
recrystallisation temperature, compared to the steels subjected to a lower
austenitising temperature treatment [19, 137, 181]. In Section 4.2.5, it was found that
a partially recrystallised austenite microstructure resulted from deformation at 975ºC
after being reheated to 1250ºC due to an increase in the number of Nb//Nb-C clusters
and fine precipitates which effectively retard recrystallization. Consequently, an
inhomogeneous microstructure will be the result because deformation in the partially
recrystallised region is considered to be a source of microstructural inhomogeneity
[13, 182] and should be avoided. On the other hand, a fully recrystallised austenite
microstructure resulted when the samples were processed with a lower austenitising
temperature of 1100ºC followed by deformation at 975 ºC. This implies that Tnr is
still below 975ºC for this condition. The microstructural inhomogeneity level was
improved by lowering the austenitising temperature due to: i) the pinning effect
following recrystallisation from the undissolved precipitate during austenitisation
and ii) the one precipitates during slow cooling when the deformation temperature
below Tnr.

7.3.2

Development Route 2: accelerated cooling after roughing – holding
before finishing deformation

The inhomogeneous microstructure obtained with Route 1 can be improved by
accelerating the cooling after roughing. This improvement in the microstructural
homogeneity occurs because a higher cooling rate of 60ºC/s leaves insufficient time
for austenite grain growth or precipitation of Nb(C,N) [125, 126]. While being held
at 975ºC some Nb(C,N) precipitates might form and grow and while not enough to
fully prevent recrystallisation during the subsequent finishing deformation, it is
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enough to retard grain growth during and after the finishing deformation. Thus, while
the microstructure was recrystallised upon deformation at 975ºC, as in Route 1, the
starting austenite grain size was smaller, leading to finer recrystallised grains [8,
183].

7.3.3

Development Route 3: low finishing deformation temperatures – short
inter-pass time

It was also possible to improve the microstructural homogeneity of the High Mn steel
after austenitising at high temperature by utilising a lower finishing deformation
temperature of 825ºC. This improvement was attributed to a slowing down of grain
growth and recovery following deformation at lower temperatures, leaving a larger
number of ferrite nucleation sites at prior austenite grain boundaries and at the
retained internal deformation structure [8, 184, 185]. Moreover, the inhomogeneity
of the microstructure was slightly lower in the Low Mn steel because any
deformation in the partially recrystallised region was avoided.

7.3.4

Development Route 4: increased strain below Tnr

The microstructural homogeneity of Route 3 could be further improved by increasing
the amount of deformation at 825 ºC because this temperature is below Tnr.
Deformation at this temperature results in elongated (pancaked) austenite grains with
high density of (Sv) of deformation bands, sub-grain boundaries and twins which
serve as nucleation sites for the ferrite grains. Consequently, it produces a finer
ferrite grain size after cooling below Ar3 [8, 16, 185, 186]. This result is well known
from industrial experience, which has shown that strip/plate material rolled to a
thinner thickness (i.e. subject to higher strains) always shows a finer and more
homogeneous microstructure.
Different processing routes have great influence on ferrite microstructure
homogeneity level. The microstructure homogeneity level was remarkably improved
in this study for High and Low Mn steel with processing Route1 and 2 as indicated
by bimodality parameters shown in Table 7.4. For High Mn steel, Route 2 lead to
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more uniformly microstructure, however the grains are slightly coarser. For such
steel, it is known that uniform grain distribution with finer grains is favourable for
improved strength and toughness compared to uniform distribution with coarser
grains [2, 3]. On the other hand, bimodal grain size distributions have been reported
to cause a variation in mechanical properties, and particularly detrimental for impact
fracture toughness. Chakrabarti et al.[6] reported high scatter in fracture test results
for bimodal distribution compared to the unimodal one finding that the large grains
from both the ‘‘fine grain’’ and ‘‘coarse grain’’ population are initiating cleavage.
Thus, although the grain sizes are coarser after Route 2 processing, it is expected that
such steel will display a similar or even better fracture toughness compared to the
one having microstructure bimodality.
Table 7.4 Bimodality parameters for different routes.
High Mn steel

Low Mn steel

PGSR

PHP

PGSR

PHP

Route 2

0
0

0
0

0
-

0
-

Route3

14

0.4

12

0.5

Route4

14

0.1

-

-

Route 1

7.4

Conclusion

Based on previous results, four processing routes were proposed to improve the
final microstructural homogeneity and they were verified by microstructural
investigation. Lowering the austenitising temperature has resulted in an improvement
in the homogeneity of the ferrite microstructure for both High and Low Mn steel.
The remarkable improvement in uniformity for High Mn steel was obtained through
Route 2 processing, which includes accelerated cooling after roughing and holding
before

finishing

deformation,

rather
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than

the

other

routes.

Chapter 8
8 GENERAL CONCLUSIONS AND FUTURE
WORK
8.1

General Conclusions

Investigation of the microstructure development during thermo-mechanical
processing carried out in this work for three microalloyed steels led to the following
conclusions:

- In the area of research technique development
1.

APRGE software has been proved to be effective in reconstructing the prior
austenite microstructures using EBSD maps of martensitic microstructures.
Comparison between the prior austenite microstructures revealed using picric
acid etching and the microstructures reconstructed using APRGE software
showed a good accuracy of the reconstruction.

2.

Low keV (5 keV) FEGSEM imaging and SEM-EDS has been proved to be an
effective methodology for morphological and chemical analysis of Nb-rich
precipitates down to 20 nm size.

- In the area of physical metallurgy
3.

In the studied Non-Nb steel the ferrite inhomogeneity was not observed for
employed TMP schedules, however it was observed in the Nb-microalloyed
steels, which confirms a dependence of the inhomogeneity on Nb content.

4.

Nb additions led to an increase in the recrystallization stop temperature, Tnr, as a
result of recrystallisation retardation by Nb solute atoms and precipitates, which
corresponds to the reported in the literature data.

5.

With a decrease in Mn content from 1.2 to 0.5 wt% Tnr increased by 25 °C and
the austenite to ferrite transformation temperature, Ar3, increased by 50 °C, due
to influence of Mn on Nb solubility in austenite and particle precipitation
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temperature. With a decrease in Mn content Nb solubility decreased and the Nb
precipitation occurred at higher temperatures, which resulted in an increase in
the grain boundary pinning effect at higher temperatures and an increase in Tnr.
Processing below Tnr obviously resulted in a higher retained dislocation density,
which led to an increase in the number of ferrite nucleation sites and an increase
in Ar3.
6.

Nb precipitation on pre-existing TiN particles led to the formation of complex
(Ti,Nb)(C,N) particles, which corresponds to the earlier reported data. Such a
heterogeneous precipitation in Ti-bearing steels may reduce the Nb content in
solid solution, delay precipitation of Nb(C,N) and, as a consequence, reduce
strength of the grain boundary pinning effect.

7.

In the studied High Mn steel the number density of Nb atom clusters in austenite
increased with a decrease in deformation temperature, due to a decrease in Nb
solubility and an increase in processing time. The number density of Nb-C
clusters/fine precipitates in the 2-8 nm size range and Nb-rich precipitates in the
< 70 nm size range showed a maximum at the 975 °C deformation temperature,
which corresponds to the nose of the time-temperature-precipitation diagram (Ccurve) of Nb(C,N).

8.

In the studied High Mn steel the solute drag and particle pinning did not supress
austenite recrystallisation at higher temperatures (above Tnr). However, the Nb-C
clusters in the < 8 nm size range partially or fully suppress austenite
recrystallisation at lower temperatures (near and below Tnr).

9.

For the studied High Mn steel the parameters of DRX (critical stress/strain and
peak stress/strain) were experimentally measured in the temperature range of
975 – 1125 °C and strain rate range of 0.1 – 5.0 s-1. The obtained dependences
can be used for optimisation of thermo-mechanical processing schedules leading
to a decrease in the austenite grain structure inhomogeneity and average
austenite grain size. Moreover, the DRX map was derived from DRX parameters
for this steel.

10. At higher deformation temperatures, when the dislocation annihilation is fast and
strain induced precipitation does not occur, more of Nb remains in solid solution
available for precipitation in ferrite. This may lead to an increase in precipitation
strengthening effect with an increase in deformation temperature.
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11. A variation in the local Nb content due to microsegregation has been shown to
increase the inhomogeneity of ferrite grain structure. In the areas rich in Nb
(areas of high particle number density) the ferrite grain size was observed to be
smaller than in the areas depleted in Nb.

- In the area of industrial technology development
12. The inhomogeneity of austenite and ferrite grain structures has been shown to
significantly vary with a steel composition and thermo-mechanical processing
schedule. Therefore, to minimise the inhomogeneity a selection of processing
parameters (austenitising and deformation temperatures, strain levels, interpass
time and cooling rate) should be carried out in strong correlation to the steel
composition (in particular, micro-alloy precipitation kinetics).
13. In the studied steels a decrease in reheating (austenitising) temperature and a
decrease in Mn content have been shown to reduce the inhomogeneity of ferrite
grain structure after deformation at higher temperatures (above Tnr), as a result
of Nb precipitate coarsening and a decrease in the grain boundary pinning effect.
The interpass time values had a minor effect on the homogeneity and average
ferrite grain size in the studied steels.
14. In the studied High Mn steel a 50 % reduction in microstructure inhomogeneity
has been achieved by an increase in cooling rate up to 60 °Cs-1 after roughing
before finishing deformation, as a result of austenite grain growth retardation
prior to the Nb(C,N) precipitation.
15. In the studied steels the ferrite inhomogeneity has been reduced by an increase in
amount of deformation carried out below Tnr, due to an increase in retained
dislocation density and an increase in the number of ferrite nucleation sites. This
corresponds to the earlier observed data.

8.2

Future work

Based on the conclusions of this study the following suggestions could be made
for future research:
1. The analysis of material behaviour during TMP simulation in Gleeble can be
enhanced by the ultrasonic in-situ measurement of microstructure variation.
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This would allow to reduce the time for grain structure analysis (potentially,
eliminate optical microscopy) and increase accuracy of time-temperatureprecipitation (phase transformation) diagrams.
2. One of the major difficulties experienced in this work during analysis of
precipitation in austenite was inevitable phase transformation to martensite
during quenching. This complicated both the prior austenite grain structure
investigation and fine particle imaging. The use of model Ni-Fe alloys or
austenitic steels, which remain austenitic during cooling, would facilitate
studies of high temperature behaviour of austenite.
3. The APT studies of atom clustering and fine precipitation carried out in this
work were restricted to localised volumes of material by the APT samples
size (up to 0.5µm). To support the findings and broaden knowledge in the
area of Nb precipitation kinetics a High Resolution TEM (HRTEM) imaging
equipped with EDS / electron energy loss spectroscopy (EELS) analysis
could be undertaken.
4. Nb precipitation kinetics, and related to it the microstructure inhomogeneity,
depends on Nb, C and N contents and presence of other microalloying
elements, such as Mo, Cr, W and V. However, the available timetemperature-precipitation diagrams of Nb(C,N) were obtained mainly for Nb
bearing steels. Investigation of dependences of Nb precipitation kinetics on
microalloying element additions would broaden the current knowledge in Nb
metallurgy and allow further development of thermo-mechanical processing
of steels.
5. Current work was focussed on the microstructure development during TMP.
Mechanical properties of steels produced with Nb precipitation variation
between austenite and ferrite were not addressed in this work, or the ones
resulting from the modified TMP schedules. This needs to be investigated in
the future.
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